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A  k(y  ol)stac]c  lI:LIII]ICIi IIg, fi{l(li]lp, of Al IIla  II IIi IIg, a])l,licatio]is is tlIc

col{sidc]al)lc cxl)cIIse  o f  (Icvclo])ill  p,, l,(,]ifyitlp,, ll])clatit)  p,, aIICl ]Ilaiiliaillitlg

lJIIC  ])latl])it)~,  kII()\rlcYlgc  lJasc (J(l)),  l’l;~]l]]i]]p,  systcIIIs II IIIS1  l)c al,lr to

C(IIII]Ja  IC fa~ro]al)ly  ill tcr III.s of so ft}va  )(, lif(,(,},clc  COSIS  10 otl 1(, r ]IIcal Is of
allk)llla(!oll Sucl)  as Scl  Il)ts [)1 1 Ul[, -l):  ivxl (~x]l(,l  t S,y.stcllls. CkIIIs((jucl  Itly, ill

oldcl (,0 f i e l d  leal sys(r]Ils, ])lit]lllitlg  ]]]:tc(ilic)]ic]s  lIIllst I)c  al)lc to ])ro~,  i(lc:

1 .  1001s  to allc)~v  [I()]]laill  CXIICIIS  1 (  I  CIC:IIC  2111d  clclJIIp, lll[it OWII  ],la]lt]i]lg

kllO\VIC’{l~,C  lli\SC’S; 2. tools fol sof’t\valc  voifiratio]  l,” v<lli(li~tio]l,  :111{1  test -

i]]p,; aIIcl 3 .  100Is  10 f a c i l i t a t e  II1)(lalcs  alI(l  ][]:~irllc]l:t])c(  of 111(  l)la])]li])g

lill[)\VIC(l~,( 1),1< (’. ‘J’llis ]1:1] 1(1 I)cgil)s  I)y (I(wtil)i])p,  a ])lalllli]lp, al)])  licatic)]i

C)f  i\llt<)llli\t C(l i]l)a?,c  ]))c)ccssil~p,  illl(l  o111  (IV(I;  lII il]l]ll(l?l(fl  to lill C)\\rl[,Cl~,(

?I(({ui.  sitioll fo] t,lli.s a])l)licatio]l, ‘1’l)is ]); I]I(I lIICII (I[wtil)(s t w o  tyl,(w c)f

t(Iols  fot ])lall]litlp}  kII()\vl(,dF,(  lJav (l(v(l(I]IIII(IIt:  static 1{11 :il]:(lysis tccll -

]Iiclucstc) clctcct  ce)tai])  classes o f  sylli:lcti(  cl)c)]s  ill a ])lalll]il]~,  lillo\\rl(+{l~,(,

lIIISC;  ii II(lcc,]II]  )lcti(III  :I]lttlysistcclltli(jll(s,  tc]i])tc]  ?lclil,(lyc  lcl)(]p,t  l]e],l?tll -

lllllg lill[)\\rl(,  {l~C I) ZIS(>. \lJ(, [l(,sctil)  (tllcscl{i ]()\vl(,(l~,(cl(, \cl()J,])lcllt  toolsa]Id

dcsc]il)c C]l)])ilical  rcsl)lts doc~]l[lc])tit]p,  (lIC Ils(,f(llllcw  of tl](w tools.

1. introduction
A kcy lmt(lm  Icck ill a])])lyi]lp,  Al ]IlaIIIIi  IIF, tcclllli(lllcsto  :1 1(,:11  -\\roIl( l]) Ic)l)l(,III  is
ilIc aII)ouIIi d’ Wmt  rc(]uired to coIIst I(Ict,  (I(sI)uR,  vcrii’y,  alI(l Il]IdiIt ( (Illailitai]])
111(’  ])la]lllill~ lill[)\\rl(!(l<,(!  l)ilS(’.  111  ]):\lLiclllal, ]lli\llllillg SySt Clll S 11111S(  1)(’  iil)lC tO

colII])nr(I  favoral)ljr  il)  WIIIS  of software lifccycl(,  costs  10  otl IcI II ICa IIS of allto]]]a-
tio]l sucl I as Scri])ts or rule-lmscd cxIwIt  sj’stc]IIs. AI I il]ll)o](a]]t  (OIII])OII(vIt”  to
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rcducill~  sucl I (“os(s i s  to ])]ovidc a  p,t)c)(l  c]l~riml]ll]mlt  f’oI [lt~vclo}jil~g  ]Jallllil]p,
lillOWl(’dgC  l)ascs.  IJcsl)itc  tl]is Sitllati  ml, rclai  ivcly lit tlc cfl”hl  t lIas lWCII dcvotd
to (I(welol)i])g  aII  illtcgratc(l  s e t  o f  1001s” to f:lcilitate  col]structillg,  (l(:l)uggillp,,
v(:rif.yil)p,,  alId u])(lat,  illp,  sl)ccialiml  lill  O\\’1(’(lp,(’  structllr(’s  usd  lIy ])lallllill~,  Sys-
kll)s.

\lTl)il(,  Collsidclal)l(: lcsc,al(lI  lIas focws((l  011  lillo\Vl((l~,(!  a(q(lisitio]l  Syst(,llls
for  rule-based Cxl)cIt  Systcltls [6] , :111(1  ol)j(ct-oli(l)tc(  l/illllrlit:illc(’”  Iillo\t’l(!(l/,(”
I)ascw will) ])mcwluws alI(l li~rtl)ods  [9], little  work  lIas focused 011  kIIowldgI,(\
acquisitio]l  for sl)ecializd  l)lall)lill~ I (,1)1(’s(l)t:liiolls.  Notal)le  (xc(q)t  ions  to this
staiclt)cllt arc [ 7 ]  wllic]l  uses  ill(luc( ivc ](’al Jlil)g  cal)al)ilit  i(w alI(l  a  silll:llator
to rcfi]]c  l)lalllti]lg ol)cratms  aIId [ 1 9 ]  uliicl]  lws m]~clt trams  to lcarII alId  a
silnulatm  to rdiIIc  ]Ja]]l]i]lp,  qwratos.  llowmw,  il) JIIal  Iy cases a siJi)lllatioll  ca-
l)al)ility  is IIOt availal)lc.  III tliww  sit uatiolls  t II( US(SI  IICC(IS assistance ill causally
tracil)p,  cIJOrs aIId  (lcl)ugp,ill~,  froltl  a  sillr,le c~:llll])l(’. ‘J’llis assiskllcc  is sow]y
IIcmlcd  to cIIalJlc  dc)lllaill  cxj)(:rts  to v’rite aIJ(l d(:l)llp,  (I()}llaill  tllcoli(w w i t h o u t
dyiJlg  011 Al ])(’0])](’. IIIIII(IIC]  1 ) 1 0 1 ’ ( ), ])]allllill~,  ]illo\\’](’(]~,C  ]):IS(’  lllili JltCIl:lll  C(’  iS

ofk)l  OVC11001id.  Slldl  toolS” ;II°C :11s0  i])lwlllal)lc it) tra(’liillg S111:1110’  I)llgS, vrli-
fyillp,  1{11  c.m’cragc  ‘ , aJId  Ill)datill?, tllc 1{11  as tllc  (Ioll)aili  cl IaTIp,(%.  M’l)ilc  tlI(’sc
tOOIS  call (Ilaw 1[111(:11  fro]]) Callsa]  tl”a(’liillp,  trclllliqucs  11  S(’(1  ill lulc-l)as(’(1  Systcllls
[6], tllmc  arc  several asl)cc(s  of ~~la]l,)il)p,  systtl,,s  wllicl] (lifl’(*(Jiti:it(  tll(Jll  fJolll
IWl(:-kd  S~StCVJIS  - tl)(’ir sl)(’cialim(] lc:l)l(s(’l}t:itiolls  alI(l tllci J t(’lt)])olal  r(La-
smiil)g  cal)al)i]itics. ‘Iwo sl)(xiali~rc(l  1 (’] 11’(,scllt:ltiolls  foI”  ])hlllllill~,  al”c  ])1’m’almlt
- tadi Kdllctioll  r u l e s  al)(l  l)lallllillg ol)clators,” ‘1’1  I(SC rq )wmltatiol  IS as w’el]
as  III(I IIlostj  COl  II IIImI cmIstI aillts (01  dclil~~,  aIId (oclrsip,ll:~tiol~”  cm}st  lail~ts) llavc
(wolvcd  s o  t h a t  sl)cciali~rd  lcasollil)p,  alp,oritl)ll)s  Illllst 1)(’  a(lal)tc(]  to Sul)l)ort
d[!l)llggillg.

h4al)y  tyl)cs  o f  kII()\vldp,(I  cl)codillp,  (11101s  CaII occur: illcolmtly  (ldiII(d
l)lccc)l)clitic)lks,  ill(wrrcctly  (lcfi Jlcd  dl”(’cts,  aIId illcol Iccl vdrial)l(’  Sl)ccificat  imls.
IIlvarial.)ly  tllc CII(I rcslllt  i s  a  IIlisljlat(ll  l)clwc(LII  tllc  l)lalIIIcls  lIIml(l o f  tlio
lq,ality  o f  a  l)laJI alId tlI(I lJIod(l dichtrcl  l,y tl]c  do]l]ai]i  (m do]t]ail]  cx]wrt).
‘] ’]Ius,  f,lt(! CIId S~lJ)])tolllS  of a ]iJIOW](’(],P,C  ]):IS(}  (’]’] ’()]’ (’[III  l)P l)]oa(lly c]assificd
iJ)to two catcgolies.

ITtconccf. l’lo?L  G’cTLc?olioTL:  ‘J)l)is (I(XLIIS  WlICII tll( l)laIIII(,)  i s  l)lcs(’llt(!d a
))ml)lmn  al)(l  p,cn)(:latcs  a l)lal  I wllic]l  (100s  not ad licvc t 11(’  goals  i] I tll(: cllrrmlt
])1’0])](!111  CYWlt, CXt,, ]11 0111’ CX1)(!J’i(,ll(’C,  t]l(’  (’Ul”l’(’llt  ])lo])kll]  :111(1  f;l(l]t~ Sdlltioll

(fill focus attcnltioll ill dcl)ugp, il)g  tllc  flav,  ill  tlI(’ ]illolt’](’(]~,(”  I)as(’.  IIy llsill~  tlI(~
faulty  Ida)) k) direct tllc  dcl)uggil  Ip, ~ Iroccss, tll(’ 11s(’1’  (’all  oft(’Ii  focus 011 tllc
incorrect  lillli  ill tllc l)lalI  (falllty  l)rot (’(tiol) or acl)i(nwlll(’1)1  ) - allmvillp,  for ra])id
(Iclmggillg.

l’aillm  to Gc71c7’(Lfc  a ]’1OIL:  ‘J’llis {)(’(’111  S Wllcll  tllc ])lallllcl is 1)1’CSCII1(YI wfitli  a
sdvabl(!  l)rol)l(qn, l)ut tll(i  ])]a II IIcI’  is IJJIal  I](I to iill(l a S()]uti()li.  III 0111”  (’X]) (!l’j(’ll CC

1 lf’or work ill vctifyil)g,  I ulc-lm~d  sys LcIr Is - SIC [ 1 4 ] .  1“01 \voll{  o, I ]ul(  I,asc  ]Cfiliclrlo)lt  LIsi]lp,
lrair]illp,  exaIIIIIlcs (tl,c aIIalog,IIc of a si]lllilatol fo, },l:],]!ilj:, 1<11  l<fir,c,,,e[lo  sw [ 1 0 ] ,
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this  ty])(’  of failure is fal 1)101(:  (liflicxllt  10 (1(’1 lug. ‘1’llis  is l)c(ausc tl)c  user does
1}0( IIavc a ])articula]  ])lal]  to US(’  t () foclls 1 11(: (1(’l)u~,~,ill~  ~)roccss.  ‘1’]lus, oftcl)
a  u s e r  wolll(l  ltlallutilly write dm’11  a wllid  ])1:111  l):~sccl OII lllcir IIImIt,i\l  II Iodcl
of tllc dOIIIai II, aII(l  tl]cll Iracc  tlIIOIIp,lI tlI(I stq)s of Illc I)ltIII  to vmify ( h a t
tllc 1)1~111  could lW c.w)st r~lctcd.  1 k’caIIsc 0111 cxI)cIicIIcc II:IS l)(ml that detect  il)g
tlll(l  dcl)ug~,  il]g  failure-to- p,(’ll(!l’;lt(’-i  l-]) lilll (’ii S(’S 11:1S  1)( ’(’11  11101”(”  difli(”.  ult,  0111’ WO1’li

f(xmscs (HI:  1. vcrifyill~,  t h a t  a  (lolll:lill  tllcm y C<III solvr all  solvtil)lr ])rol)lmns;
all(] 2. fa(:ilitatillf,  (Icl)llp,p, illp,  of cas(’.s  \Yl](’1 c t 11(: (Iolll:lill  tl](wly (10(’s  1]0( allow
solut,ioll”  o f  a ])rol)lcIt)  (l(xv IIc(l solwl)lr  Irj tl)c tlol)laill  Cx])clt.

‘~’l)is l)a])cr  (l(wc)il)(w  two (y])(’s  of tools” d(wdq)c(l  to assist ill (lcvclo])illg
])lallllil)g kllowl(dr,c  l)as(v -  sioli(:  07L(il?)si,s  tools all(l co?/Lfdcfio7L  (J7LcItysis  fools.
Stat ic  analysis  tools  a]lalyzr  t,llc dolllaill l; II()\vl((lg(,  rlllcs a]t(l  o])(’raters to s(’r
i f  ccrhill  p,oals  CaII or callllot,  l)c illfwml.  lloNY’\w, l)ccaIlsc  of coltl])llt:ltic)llal
tl’il(’till)ility issues, tll(%(’ cl}ccks IIlllst l)c lilllit ((l. St :It ic allnlysis t 001s  arc llscflll
ill dct(xt)illp,  s i tuat ions  ill wliicll  a filllltjr  lillo\\’1(’(l~,(!  I)as(’  C< IIISCS a to]) -l(w(!l gotll
or o])(:ral or ])rccmldit)iml  to I)r Illlacllicvill )Ic - fw(lll(’lltly (llIC  to olllissioll”  of iill

0] mater cflcct or a (y] )():,I;I] )1 Iical eIIol.
(k)ll)])ldioll  alidlysis t o o l s ”  o])matc  nt ])lalillill~,  til)lc  al)(l  allow  tile  ])lal]l]cr

10 colt) ])l(’tc ])lal]s  \vllicl)  call acllicvc  all 1)(I( a f(\v fo(lls(d slll)~oals m’ to]) -l(wcl
p,oals,  (;oltl])lclioll”  allal-ysis  tools” ar(,  l}s(,f~ll  ill (:1s(’s  \vII(Il  c a f:llllty  1:1 Iov,rlc(l?,c
l)t\S(!  (lOCS  IIot :tlloW  :1 ])1:11)  to I)C (’(JllStl”(l(’t(  ’(1 fol :1 ] )1 ’01)1( ’111  tllilt tll{! doln:iill
cx])crt ])(’]I(!VM  is SO]VZI1)](’. III t]lc case TVI1(LI  c t}!(’ Collll)]ctioll  il!l:i]ysis tool  allows
ii ])1:111  to 1)(’ fol’1ll  (’(1 I) ’j’ assultlillp,  ,P,(): IIS tl”ll  (’, tll(:  (I(nl)aill  cx])clt  call tllcll  1)(J
fo(usd  01) tllcsc  .c,oals  a s  ])lcvcll(illp, tllc  ])l;ill  fro]]] l)cillg p,(llclat(d.

‘1’11(, static ;~llalysis  alIcl  coltl])lctiml  all:ilysis tools  IIaw  l)rmI dcvclo])cd  ill rc-
s])ollsc  to 0111’  Cx])cri(vlccs ill (Icvclo])illp,  ZIll(l  1 cfillill~,  tll(’ lill  C) Ti’1( ’[l&(’  1):1S(’  fol” t 11(!
hf(lltilnissio]l  VIC~Al{  l’lal]ll(r  (MV]’)  [1, ?] SYSMII, \vllicll  :l~ltolll:lti(”:tlly  gcl I-
(,]iit(!s VI CA1{  ilt)ap,c  ])rocessillpl  scri])t,s  f]ol)l sl)(,cificiltio)ls  of illlagc  l)roc(visillp,
~,oals.  ‘j’11(  M\~l’  syst(vll  was  illitiillly llsc(l  ill l)(K:(’IIII)(T  1 9 9 3 , all(l  ]Ias l)(I(!l I ill
ml)til)c  usc sillc(’  hfily  1994. ‘~’11(’ t ()()1s (1(s(1  il)((l ill this ])a])(v lv(’rc drivel]  l)y
0111”  CO1lSi(l(’1’ill)lC  (’flOl”tS  ill kllO\vl(’(lf,(’  l)ilS(’ (1( ’\’(’lo])lll(’llt,  (l(:l)llg~illp,,  :\ll(l  ll]ld;lt CS
to t IIC IIlo(l(%t  siw(l lillo\VIC(lf,(”  l)ilS(’  fol” Nl\~l’.

‘J’]](I r(,lnaill(lcr  of this  ]):1])(’1 is olp,:ll)in(l  ilS foil  O\\’s. Scctioll  2 olltlill(,s  (11(!
two ])lal))lil)g lc])lcscllt:liiolls  wc SII])])O1 t: ti{sl{ I c(lu(t  ion  rlll(!s all(l  o])mators.
Eicct,i(nl  2 also l)riefly (Icscril)cs  now tllcse  1(])1  (sclltatiol)s ar(’  usc(l ill ])lallllillp,.
$kct,i(nl  3 (lcs(ril)cs  sl atic  allill~Si S lIll(s for assist illp,  ill ])l:~lllkillp,  1<11  vclifimt ion
and  (lcv(’lo])ltl(’l)t.  Scctioll  4  (1(’smil)cs  (“ol)l])l(!tioll”  analysis  I ulcs for assistil)g  ill
])la))))in~  1{11  (lc~(:lo])l)lclit.

2  v] CA]{ ]ma~(! ]’1’OCCSSill~
117C dcscril)c  III(: static al)(l  Cml)])l(tio]l  :Ill;ilysis tools  \vitl)ill  tfl($ Collt(’xt  o f  tll(
Multiltlissiol]  Vl(~AI{  l’laIIIIw  syst(]ll,  a ii(l(l(d  Al  ])l:lllllill~,  syst,ut) \vllicl~  auto



limits  ccrtail)  ty])cs  of i] na~,()  ] )mc(~ssi]  ]p, J. MV1’ 11S(’S  1)011)  t a s k  r(’(l(lctioll al](l
()])(’I’atol’-l  ):ls(’(l  1]1(’tllo(ls  ill  ])lillll]illp,. llo\l’(’v(T,  tllc  t\vo l)ara(lig,llls  arc s(q)aratc,
ill that  MV1’ first ])crforlt}$ tas]{ lc(lllclioll  (also Callc{l  IIiclalcllical  task II(!tlirol”li
O] ll’I’NT  ~)liiltlli]]g)  :il Id tlIOII l)(~]fo]llls  ()])c] ;I{(II-I):IS(,(I  l)lallllil]p,.  A l l  of tl~(~  task
rc(luctiml  occum  at tllc  IIigll(v  (.olIcc])t  (ial level alId tlIc (I])(I;Itol-l):iscIcl  IIlctllods
at, t] IC lmvm  lcvc] :{. ColIsulllcl  It ly, NIV]  ) Ilscs two 1 IIailt  t y])es  d kI Iourlcdgc  to
col IstrucL  illlagc  ]noccssiIIf,  ])lal Is (soi])ls):

● (I(:col]l])  ositiol) rlllcs - 10 s])ccify IIow ]1101)1(’IIIS  ill”!’ 10 1)(’ (1( ’( ’0111 ]) OS(’(1” into
IWW  ICvd  Sul)])l’ol  )1(’11  Is; and

●  o])cratol”s  - k) s])ccify l)OW VI CAI{  ])]ograltls  CaII 1)(, usc(l  to aclli(wc lmv(,]
l(wcl  il)lagc ])lo(usilk~,  p,oals (])lt)(lll((d  I)y 1  :111(  IV(I). ‘J’} I(w(’ a l s o  s])ccify
IIOW  VICAI{  ])]og]a]tls  illt(lact.

‘1’lme t,wo tyj)cs of kIIoM71tYlg,(, st rucl um a]c dcwlil)ed  ill fut(ller  dct hi] l)dow.
A  kcy asl)cct  of M\~l  “s illt(,gt;lt ion of t :Isk r((llld  iol) aIId ol)mat (M-l) :ISCKI

])lallllil)g is tlIat,  first task lc(luctic)ll  is ])(’lforlllc(l,  tll(’11  ()]) Qlilt()l’-l)  ;iS(’(l  ])l;ulllillg.
IIecausc  of Ll)c or(lcr  ill wllic]) tllcs(, am ])(v forJl]Nl, t II(SC two tyl)(,s  of ki~mvld~(
ml) I )C Cll(!(k!(l M’] )al”at(!ly.d

2.1 ‘J’ask ]kduci)io])  ]’]a]]n;  ]]g i]) N I V ] ’
N4VI)  uses a task  Kxlllctio]l  a])]) macl) to ])lal)l)illp,. 111  a t~lSli ruluctiml  ?I])])l”oa(  ’11,
mductioll  mlcs d i c t a t e  lImv ill ]Ja II-s] )iIcc l)]allllillp,, OIIC ])lall  c a l l  1)(’  ICgally
trwlsfonllcd  i]lto allotl](u  1)1:(1I. ‘1’11( ])laIIIt(l tlI(]I s(alcll(w  tlic  l)]alt  s])au’  dcfillcd
l)y I, II(!SC rducticnls.  Sy)lt,:icticallyj  :1 taSli  I (dllctioll  1111(’  is of tlIc foltll:

‘J’llis mlc s t a t e s  tlIat a sd d g o a l s  or actiolts  (;1 (aII lIC I(Kluc(d to a IICW  sd

of p,oals  01 actiol)s  C]i if tllc set of constraints (X) is satisfied ill t,llc  currult
])]alk  al)cl  tile  Colltcx(,  C~2  i s  sat,isfi(,cl  ill 111(,  (tlIl(IIIt  ])lal I ])mvidd  Ilic a(l(litiolla]
collstrailks  C ]  am a(l(ld  10 t,l I(I ])lal I. C() a]l(]  Cl arc cmlstrail)t  forltis wllic]i
s])ccif+y  collju]tcts  of cm]stlaillt,s,  each of wliic])  ll]ay  1)(, a cocl(,sip,tlf~ti[)ll  cO1~sLrai~~t
011 varial)]cs  a])]) caring  ill t,ll(: ])la]l, all ol(l(,]illp,  collstraillt,  ()]1 act,iolls 0 goal

2WC  0111.y I)licfly dcsclil Ic tllc Al\71’  al)l,lic:ltioll  dl]c 10 slmcc [olis(tailjls, 1“[)1  ful (11(’1
it}forlllatio]l  OII this al)l}licatioll  atc;i,  h’ftrl’  :i)clli(cc((ll(,, aIId kIIo\vldp, c I(,l,rc,,sctlt:{tic,lj  we
[1, 2, 3].

3~fi\TII fi,s~ ,,ScS  t:ts](  ,~(l,,~(io),  []~] ,J]:i)it)illp  tcc]))li(l(lcs  to IJclr{)llll  IIigll level  s(lalcg{ic  cl:is-

siticat,im)  al)d clc,c{)]]]],ositi[)]~  of t}lc ]JI(,l,lCIII tlIe II Ilsr,s  tra(li(ic,  )lal c,l)c,liilc)l-l,dsc(l  [1(>]  ],lallt)i]]p,
]mradigl]]s  to jJltLt I at Illc lc)w(r Ic\,cl

4A ,Ilc,tc ~ccc,,tly dmrck,])c(l  ],lallllm [ 4 , ~] cm,~,lct(ly  i,,tcp,,at(s t}j(w t}v[~ IJl:illt)illp,
lmladig,,,..  \\~l,ilc  ,Iat(,,:t]  Cxle,,sioll.  of stati( al,[l  m,,,l,le(iO,i  a,,  aly.i. to tl, is i,,(pp,ratml
}Ilalll)i]lg  aljIIIoaclI  cxisl, wfc lIavc  IIOt a~ of yet cx~Ilo  Iul s!I(lI  }mhsil)il  itics,
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:Icllielrc’lll(:l)ts  ill t,llc  ])la)], a  ]]ot-l)r(w]lt  co]ls(rai])t  (wllicll i s  satisfid  oIIly i f
tlI(: a c t i v i t y  0] ~,oal sl)ccific(l  (10(s  II()!  :11)1)(:11  i]] t lIc 1)1:111  ;III(I  ]I(w’1  al)l)carc(l
i]] 111(’ (lcrivatio]l  o f  tlI(’ ])la]I), a l) I(wcIIt co]lst]ai]lt  (\vl)i(l]  i s  satisfi(d  o]Ily  i f
tllc aclivity  ()] goal sl)(’cifiwl  (lid al)l)(ar  i]l t II( 1)1:111  or (I(vivatio]] of tlIe l)laII),
or a ])rot(’cli  o]] co]lstrai]]t, (wllic]l slm:ifi(w  1 lI:It a p,o:il  01  s(:t of g o a l s  CaIIIIOt

1)(: illvalidat(xl  (lllrill~ a  slx’cific(l tct II])or:il ill(cl\dl. Sl((lcial ])lallllillg[l  1] is a
1(’(lllli(luc  ill wlli(:ll  a ])ml)lc  It I is i(l(’l)tifi(’(1  :IS 0]](,  of a g(I]Icral  (1:1ss  of ])rol)l(,]l].
‘1’llis  classificaliol]  is (IJCII us(d to Clloosc”  it ]):irticular  sollltiol)”  ltlctllo(l.  Sli(’lCtal
])lallllillg  ill M\~l) i s  iln])lelllm)t((l  ill I)y cll(()(lill~,  (Iccol[ll)ositiol)  mlcs wllicl]
allow  for classification aIId  initial  (I(,(olll])ositioll  of H set of goals collcs])c)ll(lillg
10  ii 171 CA1{  ]) 101)1 CIII CI:ISS.  ‘J’11(1 1,11S  of :1 sk(lct;il  (I(w) ltl])ositioll”  ]111(:  ill hlV1’
Collcs])m)(ls  to a  s e t  o f  co]](lit, io])s”  sl)ccifyi]lp,  a 1)1 O1)IPIII  class,  aII(] t]IC ]{1]S
s]wc.ifics  [III initial  ]) Iol)lclII (l(~cc)lll])c)sit,ioll  fol I]lat ])101)  1(1111  class.

NIV]’ also us(!s  (I(coltl])c)sitioll”  1111(!s  to ill)])l(lllcllt  l)icrtllcl)i(;ll  ])lall]lillg. }Ii-
(’lalcllica]  l)la]]]li])p,  [1 8] is :111  :1])] )] ’():1(”11  t () ])lilllllill~,  ~!,ll(,l’(~  :11)s(1’:1(1  goals or l)]c)-
(Wlurcs  alc illcl(’lt)cllt:lll}~  r(’fil)c(l  il)to 1]101(”  :(11(1  ]1101(:  sl)(’(ific  go:lls 01  ])rocdul  m
a s  didatd  l)y ~oa] 01  ])roc(xlllr(: (I(u)  lll])ositiolls. h4Vl’ us(,s  t,l)is a])] )roacli of
IIicrar(llica]  [I(colll])c)sitiol)”  to refil)(  111(  i]]iti; ll sl<(]clal  ])1:111  il)to a JIlorc S])ccifi(:
l)lal  I sl)ccialim(l  l)md  ()] I III( Sl)ccifi(:  (~111(]I1 p,oals :111(1  si[,(lati(]]l,  ‘J’llis alloJ\,s
tll(!  ()\W’:111  ])] ’O1)I(VII (Iwo]  tll)osilio]]  to 1)(’ illfl(lr]lc(,(l l)y fil(’tol’S  Sllcl  I as tl]c ])res-
mlc(: or al)s(v)cc of ccrlaill  il)l+,c c:tlil~rdtioll  fil(’s  01 tlI(’ tyl)c o f  illstrul])c])t  alId
S]mc(’cl”  aft! (ISC(I 1,() l’(, (’01(] t]l(! ]]]1:1:,(~, 11’01  (’Xillll])l(’,  p,(’olli(’t  ric corr(wiioli  USCS a
1))0(1(’1  of tl)(:  t arg(:t ol)jcct  to corrc(d  for varial)lc  (Iistallcc  frolll LIIc illstrultl(’llt
to III(: iargct.  11’01  VOYAC;I;I  { ill ]ap,cs, ~,(,()]]1(1 lic colr(,clioll”  is ])(v follllcd  as ])art
of 111(’ local] cmlcctioll  ])roccss,  as p,u)llletri(:  (Iist,ort,im)  is sip,llificallt,  (!]loug]l  to
ml(lirc  i]llltl(xliat(! cor]cc(io]]  1 ) ( ’ f o r e  01110  iltl:tp,(,  l)lo(ussi)lp,  stq)s  call l.)c ])(:1-

fol])](d.  llo\\’(v(], fo] C;AI  ,1 1,1;() i],liip,(s, p,(I(JIII(It I ic cm)(xlioll  is ])ost])OIIc(l  until
111(’ ](’p,ist]:ltic)]l  skq), wlIm’  it CaII 1)( ])(rforltlc(l  ]I]OIc (flici(’lltly,

‘~’llis (lccc)l)l]  )ositioll-l):isc(l”  ?i])])m:i(l]  t () S];(I(4  al  a]l(l l)icrar(llica]  ])laltl)illg
ill NIV]’  IIas s(,\I(r<Il  sl]c]]p)tlls. 11’ilsl  ,  11](  (I((olll])ositioll  rlll(s  v(]y IIatulally
I(q) l(%cl)t  tl)c  IIlallll(:r ill wllicll  tll(’ all:tlysts  att;l(’li t  11(’  ])ro(v(llll”c  gcll(’ra(iol]
])rol)l(v  I1. ‘1’lllls,  it was a r(lal iv(]y shai~]]tfo]  waI(l I) IO(WS for t 1)( aII:Ilysk  to
a]tiullatc  al)(l ac(q)t  c]:l,ssificatio]l  ;III(l  (1(,(, ()]l]l)()sit,  i()]l rulw f o r  t,l I(: sIIl)ar(as
wllicll  W’(’  llil\r(! illll)lc]l](,]]t(~(l  tlIll  S far. .S(TOII(l, tllc IIot($  fl’olll  t,l Ic {l(’cc)]t)l )ositic)ll
1 ’ 1 1 1 ( ’ S  lISC(I to (1( ’(”0111])OS(’”  tliC ])1’O1)IVII)  (’ii]] 1)(’ 11 S(’(1 to :Illllottlt(”  tll(! ]rsultil]g
])lall  to lII:I1<C  tll(> ollt,])llt ])lilll  S 1 1 1 0 1 ’ ( ”  llII(l(IS  1: III(I:I1)I(>  to t,ll(L :lllill~St S, ‘1’l)ir(l,

rclativdy  fcw ])rol)lutl  (I(,colll])c)sitic)ll  I u]cs ar(, easily iIl)lc to cover a v’i(le  ral Igc
o f  1)]01)1(’1)1s  alI(l d(:coIIll)osc tl](v]l  into ]]111(:1]  sIII:ill(’1  sul)])rol)l(LI]Is.

2.2 ()])c!l’:lt!()l’-l.)  :lsc!(l 1 ‘I:lnllillg  ill NIV] ‘
MV1’ r(q)ms(,])t,s  low7cr  l(nwl ])rwc(lllral i]lfor]tl:ltio]l ill ((I IIIS of classical ])lallllillg
()])(!1’:11()1’S.  ‘1’11(’S(’  :11’(’ t,y])ica]  c l a s s i c a l  ])lilllllillp,  (J])cl :\tols \\it II ])l(:(c)ll(litic)lls,
(’fl(’cts, coll(liti(nlal  cflcds,  lllli\’(!l’Sill  all(]  (xist(l)tial  (]ll:llltific:ltioll  allo\id,  al](l



.,.

wit<ll  Co(lcsigtlat,iol)  col]st r:lil]ts all(I\v(d  t () al)] )car ill ()])(~lat  or ])1 (w)ll(litiolls  al]d
cff’cc(j m]l(liti(nlal  l)]cco]l(litio]ls.”  1{’()]  rcs;  Iso]Is  o f  Slmc(’  co]lstraillts  tlIc  (q)crator
l(:])l(:sc’l)t:]tioll  is o]]ly  I)ricfly (l(wclil)c(l  IICN. (fol  a p,oo(i  d(s(l  i])tioll of a classical
l)lalllli]lg Olmat,(w  r(’j)rwmItal io]l si]llil;l]  t o ours sw [ 1  G]), ‘J’lllls,  all  Ol)mt[)l”
11:1S  a list of lm]al]lct(~l,  Vill’ial)l(%,  a colIjlll  Ict ivc sot of ])]c{c)]]tlitio]]s,  alI(l for cacl I

ckt (wlli  c]] is a c(mjlIIIct)  tll(’r(!  is ?I (Imssil)ly 111111)  srt  of 1)](’co]l(litiolls,”

0] )Clatol
l’alall,ct,(’,s: vali:il)lc+

l’lcml)ditiolls: I’I  cc : 1’1O]I*

IXI’[TIS: [1’XI”tT(i  = 1’101)4  \vlIct  I (~l)lcci  T I’1011*]*

‘]1])(: a])[)vc  o])c]at,()] ]1?1S  t,]I(I s(]tla]ltics  tll:lt it, (alI  O]lly  l)C Cxpcllt(,(l  ill a Stat(l ill
wllicll  all of tllc l)](~cc)]l(litiolls  1 ‘I w aI(L tru(,. AII(I }VIICII  m(~c~lt(d,  fol  (,acl)  cfli’ct
set, if all of t,l)c Cmldit,  iollal  ])r(’(”ml(litiol)s  (;])mci  arc t luc ill t II(I ilj])ut st at (!, tll(~
Cflcd  }’lfl’(’(:ti  occu]s a]I(l  all of tlIc Cfl(x,ls  aw t ]uc ill 111(’  outl)ut St a l e .

A dcscri])timl  of tllc GA] ,S0S ()])(’l:it ()] is SI]OWII l)cIow.

o])c] at[)]  G AI /SOS
:I)aralt)cl,crs  ‘?illfilc ‘/iIII\v(  ‘!( al[
:I,lccc)ll(litic))ls

111(, l)rcIjcc(  of  ‘!i)lfil[,  ]Illlsl l~c p,:llilf,c)

tlIc data  ill ‘!illfilc II ILIS(  II(, r<i~v  (I:I1;L  \,alII(,s

:Cfli,(’(s

I(SC:I1l$ :11(, Il[)t il}til (’(  f’or  ‘!illfil{,
111(  da{a  ill ‘?illfil[  i s  IICIt  IaI\ (I:,la V; IIII,S
]Ilissit]g  li]i(,s aIc IIOt fillc(l  i]! ((~1 ‘?itlfil(,

?illfilc  is ]Zlclic)]]lellic:llly  COIICCIWI
LIIC  i]l)ap,c  forl]lal fo] ?i]]filc  is llalf\\,c,rd

?ill(ilc lIas l~lcll]isl]cs-]  CIII(IV(Y1

i f  (l JIIW(J  o]jt,ioll s(,ICCIC(I)  tlIOII ‘!illfil[. i s  UtIC\rt,ll  I}it \vt, (’O1l’C’Ct  Cd

if  (CIA  1,(; 01]1  io]i  sclcc[c~l)  tlICII ?it]filc lIa< CII( IOIIY  val{Ics  c a l c u l a t e d

2 . 3  AII (Ivcral] A])]) roaclI {O l< IImL71c:clgc  Acqllisitio]], Val-

idatio]l, aIId lkfincn)ml for MV1’

1  )lllillg  dmxlo])]I)cl]t  of t II(’ hfl\~l’  1:1  I()\vlc(lp,(  l)as(,  we lm(l  a]] itcraiivc  rdilI(’-
ltlcllt  ]]]od(~l  ill l)uildillr,  tll(: kIImvl(I(lp,c  IIas(,. WC lw~alI l)}J c]iciti]]g  ](q)]  csc]]t:i-
tivc  ])roblc]ll  classes  a]ld used t 11(,s(  t () dirc(t tl)c kllow’l(dgc  c]icil atiml - l)otll ill
t(:rlt)s of ~)rol)lc]n  c]ass(w for tl]c 11’I’N rules al](l  ill tmlns  of tllc callsa] structure
underlying  tll(’ o])matms.  Collcum~llt  wit])  tllc (I(wclo])l))mlt  o f  this  liIImi71cdgc

base, wc at tcltl])tcd  to c]icit  froltl  (xl)(q t a]lalys(s,  (Icclalat  i\rc  (l(wri])timls  of tll(~
(Ovcragc  of cac]l of tllcsc  ])lol)l(ql)  c]ass(s  - ill t(wlls  of tl)c lcp,al  collll)illatiolls”  of
goals a)ld of initial  stat(s allowal)lc,

WIICII this  lillOWIC(lg(’  1):1S(!  \\’ilS l’(’l:lt i\vly  S 1  :11)1(’, it was  tcstc(l  agail)st,  a
IIO1(lI):ICI;  sot of ])1’olJl(lI]s  ll(lt  11s((1  (Ill]il]p,  tl]c o]i~,ill:ll  (]icitatio]]  ]jloc(,ss,  ‘J’llis
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1(!(1 k) all[)tll(’1’  1’0111)(1 of l’dill(’l)l(!llt!  Of tll(’ lCIIOW1(’(1:,(”  1):1s(’  :Illd  ])1’01)1011 class
dcscri])tim)s.

1~1 tl~c ()])crtiti()llt~l  vclsio~) of h4\~l’,  this  (lrfil)itiol)  of” l~~,iil  ])rol)lmil  cl~iwcs  is
key. IIcfow ally ])]01)1(,]]]  is slll)lllitt(,(l  to tll(, ])l;IIJI](]  fro])) tllc illtcrf’{[cc, it is first
cllcckc(l  agail)st  tllcsc  ]) 101)1 CIII  class collst I ail)ts.  11] il]c (:\Kv  It 11):11  III(I sul)]nit id
r(x]um( does ])0!  ]):iss tll(’ collstr:lillts,  it is IIot  slllJ]llitt(,(l to tlI(I ])1:11111(11  - latllm

tl)(! mm  i s  l)otifi(d  Il]at III(: ])rol)l(  ItI i s  110(  (ol)si(l(w(l  :1 vd]i(l  Wqucst,  I f  tl]c
I]s(’r l)climws  dlcrwis(,,  tl)cy  CaII slll)ll)it  :1 1)11/,  ] (q)m t at, t h i s  tilllc.

If Il]c  ])101)1  (1)1 is co]]si(lcml a \’:lli(l  ol)c, 111(1) if tltc  ])I:IIIIICI is corJcct a]l(]
Sollll[l, t,llcll tllc l)laIlllc!l’  and klmwk(l:,c  l)as(’  Sllo{ll(l  1)(’  al)l(!  to SOIW  tl)c  ])1’01)101)

corrcdly. Wllilc  Ille  Nll)l’  ])la]])l(’1  is 1]01  coIII])lck  (it (“aIIIIot  l)ackt rack a c r o s s
(Iifliwl)i (1(’cc)lt)])ositiol)s”  ill  1( ’s]) 011s(”  to faillll (s ilt ()])(’I’ilt()l’-l )ilSC(l  ]Jall]lil]g),  i]]
actual  usage, w’  lIav(! ]Iot yet c]]c(~ullt(wxl  n ])IOIJI(’111  ill wllicll  this was tl]c  came
o f  :1 ])1:11111(!1’  filillll’(!.  <;oll S(’(]llClltly,  J$’11(’11  tfl(! ])1:11111(’1”  (; III(I l{l; ) :11(’ 1111211)1(!  to
SOlv(’  a ])1”01)1(’11)  (c.,g,.,  tll(’ ])1:11111(’1  callllot  fill(l  a sollltiol)”  (~itllcl (lllc to (I(,a(l-cllds
ill tlJ(’ scarcll  s])acc  OI (Ixccc(lillg r(wolll((”  1)011 ]](1s),  a 1<11 l)llg  is assullld  all(l  a
l)ug r(q)ort i s  fllltolll:ltictllly  sul)]l]ittc(l.  ‘1’llis  I)up, lc])(wt  ill(llldcs  tl)~ wq~wstcd
g o a l s ,  illit,ial  state,  illl(l  ill)[lp,(’  fil(’s :1)(’  1()/,p,c(l.  Sillliltirly, if tll(’ ])1:11111(’1’  ~,(’IICl’ilt(’S

alk illcorrd,  ])1:1]1,  a l)uf, r(q)olt  c:}]) 1)(’ fil(’(1  (ItIj)lIIlally) l)y t  II(, Ilscr. l~i~,(ll  c 1
1)(’low  gra])llic:ll]y  illust)atcs  tllc a(quisitioll  illl(l IIlilillt(’llilll  (’(’ flo\l’S  :1S (Icscril)wl.

(’tlws

1 (’ -1 ,,,(,,,<.,,

Inilitll Kll

l’i~uw  I:  II)itia]  Acqllisitio]l  :LII(I  K!aillt(tlaltcc  I’]occss(w  for M\~l’ l’la))llil+,
Km)wl(!d$c  11:1s(!

2 . 4  1  ]ifi”C!J”C!llt ‘1’ool ‘~’~])(%  :111(] ]{c!])l’(!S(!lli:lii[ )llS

111  or(l(v to fncilitatc  this I<(’Y 1)10( ’(’Ss of” lillo\!’1  (’(l&(”  a(qllisitioli  :111(1  rcfill(vtl(’llt
uw IIavc 1)(’UI (l(:\’clo])illg  a S(’t of kt]()\vl(I(l[;(L-  I):isc c(lit  ill~  all(] al]alysis  t o o l s . ”
‘1’1)(:S(’ tools  (’:111 I ) ( ’  catc~oriz((l  into t\$’()  /,( ’11( ’l’ill [y  I)(’S: (1) st stir k,,owlcdg(:
I)asc al)alysis  tools;”  a]ld (2) colll])lctioll”  :Illnlysis  t ()()1s. 1 lc(:Iusc  h4\~l’  tuws two
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Ijy]w of klI(wlcdgc:  (1(’colll]]c)sitioll”  ] 111(s :111(1  o]x’late] (I(!fillitim]s,  cacl I of tlI(wI
tools  CaII  I)(I USC(1 witlI  cacll of tl)(’s(’  l(l)l(scl)t:itiolls.  ‘J’lills  tl](’]c  aw f’ol]r tyI)(Is
of tools:

●  S(,atic III](: allal-ysis  tools;

●  static o])(~latol al)dlysis  tools;”

●  coltl])]ct,iol)  l(]]c  alla]ysis 1001s;”  :\l Icl

● col)]])lct  ion ()])crat()r  alla]ysis tools. ”

1“01 Cacll  ty])c  of 1001,” it is ])ossil)l(  to ])mf’(JIIt I tll( al)a]ysis Ilsil)p,  l)ro])ositio]la]
01 full ])rcdi(”atc  cllccl{illp,. IIt ])lo])ositiollal  a!la]ysis,  all  a(timls  a]](l  p,oals arc
collsidcd  O])tilt)istic  ally  (nlly  for t II(’ ])r(, (lie: ii (I (D p,o:il  ]I:LTt](,. 1“01’  (Xalll])l(’, Wll(vl

co]lside]illp,  wlIctlIc]  :~11 0])(’]at 0] could acllidvc  a Sl)ccific fact, “(r:lcliolli(tli(;  illy-
CO1’1’(!dc(]  ?fil(’] )“, o])ti]]lislic  tl C:ltltl(’llt  111[’:]11S t ]Iat illl~ (’fl”(’ct 01 illitiill stat  C fact
wit])  tl)e  ])r(dicatc  “l:l(liolll(  ’tlic:illy-cc)l)  cc[ d “  C:III l)c usd.  \YIIc]I collsi(lcrillp,
Wll(!tll(v’  all  [’fl(’(’t , “ (I:i(lic)ltl(!tlic:llly  -collcctc(l  ?filc]  )“, dcl(’t (’s a ] )1’ot (’Ctt’d f-act
“ (l:i(lic)l)l(’tlicillly  -(oll(ct((l ‘~fi]~2))>,  ()]](, ])}(,sll]]l~s  t]l~lt  t,ll(,  :ll’~,lllll  Cllt S to tll C

l)r(xlicat,c call l)c rcsolv(d  SIICI) tl)at 11)(  col)flicl  d o t s  ]Iot ()(([1].  ‘1’l)(wforc  tl)c
(’fl(!ct  is not collsidmc(l  to d(’](’tc tl)(’  fii(’t.  ‘1’11(’ ~)m])ositioll:~l”  al}:llysis is llSCY1  :1s
:1 f:lSt Cll(!(’liillg  COII]J)O1]CI]!  10 (ilt(”ll  si]l]])l(  (’1’1’01’S \\Jll(’]l (1( ’l)llp,:,illp,  21 l;llo}vl(!(l.p,(”
b a s e .  ‘1’11(!  full static alla]ysis is Ilscflll  I)tlt r(’stri(t(d to ][lor(  I)at(ll-lik  al)alysis
duc k) its colll])(lt~!tiol):]l”  cx])c’]is(’.

2.5 ] ‘mb]c]n S])a(x!s for ]< ]][)w]cd~() A  ll:l]~SiS

I l l  OU1’  l<ll[)\Vl(!(lg(!  l):IS(’ (lC\’(’lo])]ll Cllt :111(1  l(fitl(’111(’lit  f] :111]  (’\!’ol”k, t 1](’ lillo\i’IC(  l/,(”
l)as(! is (Iivi(ld  i]]to a set of ]WO1)lCIII  s]m(cs.  A ])10111(111 s]m(c  co]lsis(s  of a set of
“ 11d Owal  11(’ S(’t)s of lli])ut  s al)d p,l’olll  1({11):,  s. l]) t II(, c~is( of t ask rc(l(lctiol],  collc(q)t  u-
ally tlllc ])lalll]cl  is rdllcill~,  a s(’t of al)str:l(”t,  act i\riti  (’s into II JOI(I s])ccifk  activit  ics
(altl,(mgl]  s(nt)(,til]l(,s  tl]csc  s])((ific a((ivit  i(s call  1)( ltta])])(d . 11(11( (’, ill t ask  1(1-
ducticnl, t,ll(’ i]l])uts nl(’  IIoll-()])cl:iti()ll:il  ~oals, g,mllll(lill,qs  al c ()])craii()l]:il goals,
an(l  tllc ])rol)lcltl s])acc  ml 1($1)  ()]1(1s  10  a class of” 1]01]-()])C1  at iollal  p,(ml sc(s  wllicli
Cal)  1)(’ r(!dllcc(l  ilitc)  ()])crati()lla] goals. 11)  tll( c:is(,  of ()])(’l:it  ()l-l):lsc(l  ])lalll)iilp,,
tl)c  ])lmlll(’r  is Collsi(l(’ril)p,  wllicll  now to  a(lli(\w  go:il state 1(’(lllilcltlcllts  usill~
:1 ])articular  .S(:( of a(’1 iolis fl”oltl  cclt:lill il~it  ial  St, ilt($S. III this case tll(’ ]) M)l)l(vI)
S] ):IC(: CO1’J”CS1 )0] lds to :1 Cl:lss  of p,oal St :11,(,s  \v]li(]  ] C: III ] )(:  ac]li(,v(,(]  floll) :L g,cII(,I;I]

(’lass of iltitial  st:lt(:s.  II I  lmtl) tlI(I I:isk w(lll(liml  aII(l  ()])(!l:it()]-l):ts(’(1  c: Iscs, tl]c
illl)llts  arc slwcific(l ill tcrllw of l o g i c a l  colist I aillts owl p,oals alI(l ~,)(nl)l(lilip,s  arc

s])mjfi(d  it] t,crllls  of a list of ])jc(li(,nt,(js  jvllicll  c:il) l)c ])r(wu  IJI(d t rIl(J/O])(:lat  imlal,
‘1’1)(:s(!  ])robl(v  I) s])accs  I(]) I(Is(]]l a s(,t of collt(’xts  ill wllic]t  tl]c  (I(u) ltl])osit  ion

1)1:]  1111(!1’ 01 [)~)cl’atol’  ])l:lllli(,]  is attcll)])t  ill?,  to Solv(,  :1 g(,ll(,l  al  (’lilSS Of ])] O1)l($IIIS,

1 ku)lll])osillp,  tl)c overall ])101)  1(111  solvillp,  ])10((ss  il)to t 11(s(  1)101)1($1)1  sl)accs  all(]
allaly~,illg  cad)  ill iso]atio l)” (l]~llll:(ti(illly 1(’(lll(wi  tll(’ (olt)])lcxil,  y of tll(~  alla]  ysis
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])1’()(rss. O f  coulse,  tl)is illtrc)(luccs  tlI( ])ossil)ility  tllai  tll(’  ](11OW]C(IF,(!  ]):ISC
alla] .ysis  is flawed (1I1C 10  a ])()()J  ]) M)l)Ic]JJ  (I(u) lll])ositioll.  ” lJ]lfort\lll;\tcly, VI(:
l<IIOW Of I1O  otll(’1”  }~it~ :)1’01111(1  this ])1’01)1(’]11. \V][ilc  t,]I(I 1001s  we d(wlil)c  arc of
assisttillcc  ill allaly~,illg  tllr illl])nct of tl)(’ ])101)1(’111  s])am S(I uctuw  tlicy  (k)  ltot,
directly assist, ill Illc (ldillitiol)  of tllc ])101)1(’1]1  s]):i(ns - li’llicll  is a (Iircc[  l.)llr(lcl  I
011 t?llc  llSC1’.

Witlli]l a si!l@(: ]JKJIIICIII  S]J:IC( oIIly OIIC o f  t II(I 1  I’I’AT :111(1  O]) CI:I1 (11-lHIS(K1

])lalll)cr is Iwillg  11s(:(1. }l(vIc(’ i)) this ras(  tlI(, systtvII  ]Klfol  Illil)p,  111(  a n a l y s i s
is (Y)l  II])lQ1(’  alI(l C(III’(’(1  SO tllilt  il):ll  )ilit  y t () solv(’  a ])1 01)1(1111  is illt(,rl)r(tcd  as a
flaw i]) III( lill(nvl(’(1:,(  I )as(.

1  ]clmv ill l’ip,ur(l  ?  U’(I  lis~ tlI( ]) IOI)lCIII  s])ac(s  US((1  ill (Ilc  curm)t  hOV1’
1{1 Iowl(dp,(!  I )as(!. 1“01” (’;ICII ])1’01)1(’111  SIHC(! 1$’(’  (Icscrilx’  tile Illlllll)(!r  Of l’elcwtllt,
l)lalll)illg  ol)cratow,  Il)c  llullll)(’r  of tO])-l(\wl ill])llt g,oals,  alI(l 11)[’ ty])ical  IIIIIII1)U
o f  ])lalls scalcllml  ill tl](’  ])rol)l(,]]I sl)a(.c

3 Static Analysis Tools

3.1 Stalic  Analysis ‘1’ooIs foI ‘1’ask  lhll[ctioll I{UICS

Static analysis  tools  aIIalyx(  tlIc kIIo\vl(dp,(:  l)as(  (() (I(l(vlliill(’  i f  ])r(-s]wcifid
]) Ic)l)l(’1ll  -cl: Iss(Js arc sdval)l(:.  ‘J’11(: S( at i( al)alysis t (J(lil)i(]ll(,s  C; III 1)( us(:d ill two
wil J7s : 1 .  fast,  lull-iil)lc cllc(lillg  usillp,  ])lo])ositiol]al  :Ill:llysis (callc(l  ])rol)osi-”
tiollal  s(alic r(llc atttilysis);  alI(l 2. ofl~lit)(:  liJlo\\’l( ’(l~,(!-l)ilS(!  allal-ysis  tO v(:rify
(lolnaill (x)v(’1’:lg(’  (Call  (xl fllll  S( :Itic IUIC  :illiil~Si  S).

1]] tllc cas(: o f  static 1111( al)alysis,  t lIC al]a]ysis  ]woc(’ss  i s  10  v(rify  tlt;it  all
](:gal  sets of il)pllt  goals C:III l)c rc(lucml ill(()  ()])clati(nlal  R():ils/f:Lcts/ttisl<s.  ‘J’lIQ
set of allowal)lc  ill])ut  goals is follllally  s])r(ifi(xl  ill t(,n]ls  of logical c.m)straill(s
olt a S(A of goals ] )ro(lucc(l 1 )y tl IC illtcrfacc. IJip,(lrc 3 (I(w(ril)cs tl]c  static  rul(!
al)alysis  algmitlllln. 1 k:low w(: slio\\I  a  Sill l])lific(l  ])1 ol)l(vl]  s])acc (Icsc)i])timl  fm
tllc IIavigat im]  I)rOIIlcln  sI)acc,  and us(  tltis t o illllstrat  (I sliltjic ]111(  tillalysis.
]ll])ut p,oals  a]( all cmlll)illatiol]s  of:
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‘Ihl)]c 1 :  l’]c)])ositiol)  :il” vs. lhl] Collstrailll  IIall(llillg

1 ‘-

[~ol!st]aitll  lYIIC l’r(]]]cwiti[,t,al  (~aw 1,’1111  (km

codrsi~,  tlal iml ig,]lol ccl t l’2tCliC(l

ll[)l-]ll[,s(  ,111 i~,llc]l(cl t I a(l<[(l

l)l(!,(  111 l)l(]l)ositiol):~l” tl ack(d

ol(l(li!lp, i 1 :1( ’1<((1 t 1 ilckc(l

l)lot(clioli” ip,llol cd t 1 il(’li((l

Sul)jwt  10 tll(!  col)slraillt  tll:tl:
-I((:it(,cIII}It-tcI-11’Al{lI;N(l  ?filcs ?filc,s)  :,11(1  (aIItoIIIatclI  ‘f filfs))

-,(c~lrve-\,cJify  ?filrs) {JI (a{  ((,IIIIJt-tc)-11’Al{lIjN(~  ‘? files)
- ,((liS]  )lit~-:lll t[llll:  ttcll-l (,siclll;  n-(,1  rol cffil{,s) {)]’ (: II I1OIII:I1  cl I ?fil(s)

- ,(clis])l[ty-] ll:tlll tlatcll-]c  sicl[l:il-c]] 01 ?filcs) 01 (I IIa II IIIat  cl I ‘? filws)

CJ(’ll(’l’:ill}r, tll(’ illl[)\\’ill  Jl(’ S(’1S of ill])llt  ~,oillS {(1(’ of” 111(’ fol”lll “ al] (oll)l,ill:iliol)s”  of
tll(wc 5 goals cxcq)t  tl)at  go:114  all(l  p,():i13  al c ill(oltl]):ltil)  l(, a]I(l  that (nrcry  tiln(~
goal  2 is SCIWt(’(1  go:il  I lllLISt  11:11(’  ])lll”illll(’t(’l’  X ;Ill(l  S() 011.

‘I’])(I ouil  )ut legal set  of ~,oals/f:lct  s/tasl(s ale  ddill(d  ill t(:r]  I ]s of a set of
o]matim)a]  ])mlic<~tw+.  11’01 (x<IIII])I(’, ill 111($  l“(’liiti\rC’ llilvi~,ati(lll CXillll])l(’  1 1  S(’(1

al)ovc IIas tll(! o])cratiollal  ])mli(’:it(’s:  (ollstl(lc~-olll-  l)):itlix,”  all(l  dis]day-ol)l-
{!1’1’01’.

‘1’llis  ]nca)]s that ally  go: Ii/act  ivit  y/fact ])mdll(c(l  Ilsillp,  01)(  o f  tli(wc l)rc(l-
icatcs i s  c.ollsi(l(’md  a(:l)icvc(l, Static  rlllc :lllillj’Si  S 1111 Is tlI(s lulcs  011 tllcsc a-
IOwal)](!  collll)ill:itiol)s”  all(l  vclifi($  tllilt  1 1)(’ (l(’colll])c)sit  ic)ll  1 ulcs cove]” tll(’  Colll  -
l)illatimls  (this  corlcs])()]l(ls  10 (wlialls(  i\r( t(s[il)~ of tl}( t:isk r(dllctioll  r u l e s ) .
A s  (l(!scril)c(l ill S(ctioll 2 .1 ,  i II(WI il] ( s(I\u:\l  tyl)(w of constraints  1]s((1  ill (11(
task  rc(lll(timl  rul(%,  Sk)])lc of t 1)(s( Collslr:iillts (10 IIot ]]lal:(  S(VIS(  fol  a ])ro])()-
sit,iollal  a]]a]ysis; II(NI col)str:(il)ts  aw lIaIl(llc(l ill 111(1  ])ro])osilio)la]”  alla]ysis  i s
Sllowll l) C’lo\v.

‘1’11(! l)rillcil)al  (liflimlc( Ixiw(w] tll(’  ])lc)])ositioll:il”  illl(l  IIoll-])m])ositiollal
cases is t,llat  \vl Ic]k ])r(xlicatcs  arc tl;lllsfollll(’(1 t () t IIc ])1 ()])()siti()llal  case, cm]-
st,rai)lt  rcsdutiml  o])tiltlistically  ])miuli)(w  \wriill)l(:  assiglllt)(vlts \vill  m)lov(’  c(lll-
flicts.  1“0]  Cxa]ll])lc,  colisid(v  tllc ])1:111  :)11(I  mluctioll  mlcs  sll(nr])  I)clow.
l’lal]l:  a c t i v i t i e s :  ( f r o )  c21G)  (Iml c’21(i)  collstraillls:
l’la112:  a c t i v i t i e s :  (fm c216)  (1):(1  c 2 1 1 )  collstraillts:
I{cductioll  l{uIc1:  i f  ])r(wmlt:  (I)ar ‘?a) ]IOL-1)1  cs(vlt: (foo”  ‘? I))
l{(du(:tiol)  1{111(’2:  i f  ])1’(%(’llt: (1):11  c!’il) (foo”  ‘?>1)

II) tllc ])m])c)sitiollal cfis(,  l)otll rlll(l  aII(l ]L11c2  a])])]y  to l)otll ])I:LIII :iTI(l  ])la112.
111  tllc full (:asc, r(ll(: 1 (10(s  ]101 a])])ly  citllm  ])lal]l or ])lal12.  II] tl)c  f(lll  c.ww mlc2
a])])]ics to ])lall] l)~lt, (lO(W ]lot a])])ly  to 1)1:1]12.  Not(~ tl)ilt ill tll(~  ])lo])ositioll:il  (:isc,
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St,at,icl{lllcA  ll:\l~~,c(itll,llt  -~,c,z\ls, c,],cr~~tioll;tl-p,(,:,ls,  ] ((1(,s)
illitialixc  Q  = (goals,  itt],ul,-~o:ils,  Cojlsltaillts=  { } )
Select, a ])lall 1’ fl’[)111  Q

fol cac],  ]IlaII  1 “  ]II()(lIIcc(l  l)y  lcdllcitlp, a ~,t,:Il it, 1 ’  Ilsi]]p, a

ta<k rcdllclic)ll 1111(’  \\’. (’[jll Stl’ilillt S ils 11(,1 ()\\’

11’ 1“  Co],lai),s  o],lY {)I,c, at ic,,,i! I ~,(lill, ](111!)1  S(l(!(~l’;SS
I1;IJSI(; il[l(l  1 “  10 () ;111(1  co])li]lllc

l“ip,urc  3: Static  l{IIlr  All:llysis Al~,oIi(litl~

ill mdu to ])rcsu II)e  that  varial)lm rcsol\w  (l])tilllistic;illy,  tl)(’ alla]ysis  ]JrOcdurc
]I(w(l  ]Iotl coltl])utc  all ])ossild(”  I)illdillp,s.  I{all I(II , 11](’ :lllill~Si S ])1’0(’(’(1111”(’  1’(!SOIV(!S

]nws(!]lt  cmlstraillt)s I)y I)lus(ltllitlg  Ili:ltcllitig  if tll(’ ]Jr(di(atc  II]atclt(’s slid ))y
ip,llmillg  110-  ]J1’rs(’llt  Cmls(rail]ls (:111(1  011)  (s] s  as i]l(li(,;lt,((l ;IIJOV(L). ‘J’(J fUIi]I(T

illlmtralc,  cmlsi(lm tll]c foll(nvillg  cxalll])lc  flint)  tllc  hI\~l) (I(ullaill. ‘J’llc ill])ut
p,oals,  r($l(walll  (1(’(c)ltl])(~sitioll  ml(%,  {ill(l  ()]J(’I;I1  iollill ])mlicntcs  al”C SI1OWI1  I. W1OW.
IIl])llt  GOillS:  (:I1I1OIII:I1(”11  ?filos)  (Illillllllilt(ll  ‘? fil(s) (clisl)l:ly-lll:ll llll:\tcll-cllc)l ?filw)

1 )tcc)l]ll~c)sitic)ll  I{III(s:

I{UICI 1,11s (Wt[mlatch ?f]) (Illalllllalcll  ‘!11)
l{llS (c(,l]s(  l~lcl-C,,,,-I,l:,  tlix ‘./fl :III(<J-lll;I1  l-1< 11(<,(r 1)

I{111(!2 1,11S  ((lis]jl?ly-lllillll ll:ttcll-ctlc)r ‘?f2) ], I(%CIII  (illit(~lll;ll(ll ‘?f’1) (lll~lllllat  Cll ?D)

1{11S (clisl)l:ij-c)I]l-cttc)l  ?D :,lltc)-lll:tll-lffillc{l)

Ol)clatiol]i(l  1 ‘1’dicilt(:s:  c(JllSt Iuct-olll-ltlal I ix, (liS]llily-0111- c1 1 (,1

III l)otlI tlIc ])lo])c)sitioll:il all(l full static rlllc illl:ll~SiS  C:ls(:s 1 ) 0 1 1 1  I’UI(’S would
a]j])ly ill tll(: illl:ll}~SiS.  ‘~’lllls,  I)o(ll alla]yscs  Wolll(l  ill(iicat(:  lllat  t,llc  illJJUt  p,oals
call lw rc(lllc  (’(1 il]to o]matiol]al  fa(ts/[1(”(  ivit i(v+.

3.2 Stai,ic Analysis ‘] ’()[)]s f{)]’  ~)])(!l’;liol’-]  ):lS(:[] 1 ‘]a]]]]i]l~

‘J’]](: sklic al]:] lysis tccl]lliqu(s  call :11so  I)(J :I],])li(xl  t o tll( MVl  “s c)])(!l:itol-l):isc(l
])lallll(’r  coll)])ml(!llt. ‘~’llis  i s  acc(nti]jlisll((l  l)y p,(ll(l:lli~illp,  tll(, ])l:illliillg algo-
ritlllll.  Ap,:[itt,  as ~vitlt  tlIc  static  III](I a]lal)sis, tl]c sl;ltic o]j(vat(n  al]iilysjs  i s
cmlsi(lc]il]:,  a g(:IIcIal class of ]Jrol Il(JIIIs  (l(~fi]](,(l  1 )y a ])] ol)l(~ltl  s]mcc. As wit]l  t,llc
st,:it,ic  r u l e  a]ial.ysis,  a ])Iml)lc]II  s])ac(  (l(:fil  I(s ;III allowal)lc  srt of ,qoals and a sd

of o]matimlal  ])r(dicat(:s  wllicll  a] c asstl]ti((l  truo ill tl)c initial  state.
111  tllc!  ])lc)])ositi(~l}zll  static o])crtltm  all:ilysis case , ill 0](1(’1  to tr(mt tll(’  (lc)-

IIlaill  tllcwly c)])iilllisti(’:illy, v’r IIlllst :IssulI](, tll~lt al] l)rotc,ctioIl illtcractiolls  cali
11(’ I(:sdv(d  l)y varial)lc  zlssip,lllllcl)ts.  1 1( ’( ’il\l S(’ of tll(’  :11) S(’11(’(’  of ])mt(:c~i(nl  CO1l -
slrailtts,  tlt(~  ])lo])ositi(jlt:!l”  O])crator si alit :ll]ill~Si  S (o]”r(’sl)oll(ls  t () t 11(!  ])rO])osi-
timl;il  rule-lms(’(1 static allal=ysis.  AI I o])(sI;I(  01  \\ritll  ])l(coll(litiol]s” 1‘ and dl’ccts
1’; ]I)a])s  OIIto a 1(11(:  wit])  1,11S  1 ’  :111(1  1/11S  1’). Col)(litiollal”  (fkcts  (xklI(l alIalo

gously.
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‘1’ltc  IIc)l)-l)lo])ositic)lt:il”  static 2111ill~SiS  Casr i s  l)nll(ll(’(1  I)y ltlo(lifyiltg a Stilll  -

dald c)])cl’:ttol’-l)  {is(’(l ])l:IIIII(T. ‘1’11( ])la]lll(l  is cl Ial  I&(xl l)y a(l(lillg al I a(llicvcvllcllt

ol)clati(nl  collcs])olj(lit)g”  to ])rcsult)il)p,  ally  o])cratiol)al  fact  is tlu(I ill tllc  iltilial
st,alc. WC alc cllrrmlt]y illv(%ti&iltillg  usil)p,  1]101(,  so])llisti(:it,(  :(l static alla]ysis
t(!clllli(]ucs  to (1(’1,(’(1  lt)orc sul)llc  cases \vl](l(I goals arc llll:i(lli(’~r;~l)l(’  [8, 1 7]. ~’11(’
f(lll  (e.g. IIoll-])lc)])osilio  ll:il)  ol)clatol”  sl at ic alla}ysis algolitlll[)  i s  Sl]owl]  l)clow
i]) F’igur(: 4 .  ‘1’11(’  * 011  S k ] )  3 ill(li(alcs  tllilt t h i s  i s  tllc lwy ]Ilodificati(nl  to a

St)altdar(l  [)])(’][ito]-l);ls(’[1  ])l:il)l)i))p,  algolitlllll  t () ])c,lfollll sl alit,. oj)c’lat or al)aljwis.

l’i,g,(lr(’  4: Static  ()])mat  or Al]alysis Alp,oritlllll

}’igurc 5 SIIOWS t,lIc stIl)~oal tree ~cIIwatcd  lrj  ])clfol  l)iillg  full static  analysis
01) tllc o])mator  ])lallll(’r  ])ml)l(vII  s]m(’c (1( ’fill(d Iy: IIl])llt Gods: (colll])lltc-

mtl-lllatrix ?fl I[)a]l]llat,cl])  (l]])  (l;lt(’-:ll(  l)i\i\l-s(’(ll  ‘/fl IIl:IIIIIIatcl  I) alId ()])(vatiollal

1 ‘wdicat(!s:  ] )rojcct, il)iii:ll-] )lc(li(’l-s  ot[l(, (,,

4 C o m p l e t i o n  A nal-ysis ‘J’ools
1’1)(’ sccolId ty])c  of kllowlc(lg(”  l)asc (l(ll’(l()])  111(111 tool” us(:d ill h4\Tl’  is tl)c  cOltl-
])lct,iwl  al)alysis tool.  II) ]t)al]y  cases, a  k]lowlmlp,c  cll~il)(m  \vill  co]lstru((  a
(Ioltlaill specific.atioll fcn a ])ar(icula]  VIC~Al{  ]) IU1)ICIII,  test it o~lt  OII l{llowll  files
all(l  goal cc)l])l)ill:ttiol)s. ‘1’\vo  ])ossil)lc 0111  (011] (’s will ()(nlr.  l’iwt, it is ])ossil]l(
that  tllc (Ioll)aill  s])ccificat  ion Tvill  ])10(111(’(:  all  ill\’illi(l  Solllt ion. SccolI(l,  it i s
])ossil)lc  t,l)at,  t,llc  ])lalIII(Y  will  1)(, uIIal)l(L to cmlst,ru(t  a  s(du(i(n]  fol  a  ])101)1[’1]1
t h a t  tll(! [’X])Cl’t I)clicvcs is SolY’ill)l(’.

III tlIc c a s e  tl]nl  tll( ])lal]]lcr co]lsll  UC(S :11]  il]vdli(l  sollllioll,”  tl)c kIIowrlc(lg(:
cllgillccr  call usc tl](’ il)collsist(’llt  ])art o f  tllc solutiol) t o  ill(licat(’  t,l]c flavd
l)ortioll  of  tjllc  dolllaill (l)(,())y.  11’01  (IxaIt I]d(I , Sll])])os(,  that 1,11(’ ])lallll(’r  ])1’[)(111(’(’s
a ]da]t  collsistillp,  of sk])s
cmlsist,s  of s((:l)s AI ICSI),
ull(l(!rlyil)p,  rcasoII that  S

Al](~l),  1)111 tllc CX]KV t l)(li(’\r(s  t,llat,  tllc correct  ])lali
II) this cas(’  tlI(’  ktIowl(xl~,c  ml~,il](,cl  C;lll  fo((]s  01} tllc
is 11(’(’(’SS:II”JJ.  S 11]11S( IIal’(’ llil(l  S()]11(’  ])(11’])OS(” ill tll(’
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11’ip,ure  5: Slll)p,oal Gra])lI IIl(licatillp, Stati(  ol)cliliol”  All:ilysis  fol h’avi~atiml
(; O:IIS

l)]all. ]t ]tiay  I)( lI(KY1((l  to ac])icvc  a to]) -I(I\KI ~,oa]  G m ii ])l(:col)(]itioll”  1‘ of A ,
1 i, or C. Altcrllati\(ly,  if tl)c  ol(l(lil)p,  of ()])cl:it 01s  or ~iili:il)l~  assip,lllli(’]lts  is ltot
valid  ill tllc ]ndllcc(l  ])lal J, tl)c  lilloJ\’1(’(1/,(”  (Illp,il)cwl  call f(x~ls  01) tllc ])lotccti(nl
m otll(:r  collstrail)t wl]icl)  slIOIIld  lIiIv(s  l)c(’11  (’IIf’ol ((,(1.

‘1’llc  sccm](l ])ossil)ility  is t,]lat {1](’  (Ioll):lil)  s])c(ificati(nl  fililS  to allow’  tllr dC-
sid sollltiml.  lib (!xaln])l(’, tl)o (IXI)(M  l)(li(:\ws  tll:~t  tllc ])lall  A l  1[;1 ) sl]ould
acllicwc  tll(’ $,():ils,  I)llt tll(, ])1:11111($1”  f:iils i  () fillcl  illly  ])lilll  to a(llimw tll(’  gOalS.
III Illis  cas(I,  (lctcctillg  tl)c flalvcd  ])alt of tll(: k]lovlc(l:,(  lmsc  i s  l])or(:  diflicllltj,
lK!ca[Isc  it is difliclllt  to dd(vlt)il)(’  I\’l]i(l]  ]mlt  oft lIc (Iol]laill  sjx’cificatioll  Callsc(l
lJIIC dcsirc(l  (Jllt])llt ])laII  h fail, III lIIal IIIally  d(’l)llp,p,illp,  111(W  ty])cs  of ]Jrol)lcllls,
t  IIC l:lloWIC(lg[”  Cllgill(w \\’OUl(l  M1’it c ollt I)y  IIitll(l tll(’ ])lilll f IIa(  Sllolll(l 1)(: CO1l-

shllct,d. ‘J’lic l<l]owl(’(l~c  (:l)~,il)mr  VIOUI(l  tl)(’1)  (wl)strllct  :1 set of ])rol)lmtls, Cncl)
Of wllicll COI’I’(’S])  [) I)(l(’(I  to :1 Slll)]):ll”t  o f  tll(’  filil(’(1 (’0111  ])1(’t(’ l)lO1)ICIII.  1“01’  (’X:llll -

])lP,  if H failed ]JIOI)ICIII  mlsistc(l  of arllicvi]]p,  ?,(mls  A, I\, <III(I C;, {IIC kII(mrld:,c
mlgill(wl  Jlligllt try tl](> l)l:{]l]t(l  o]] A :(10])  (,, 11 :JI()]I(I,  i]])(l  (; ;I1O]IC,  to :Itt(,)tl])t  LO
iso]atc  tl]r l)~lg  to tlIC ])o)t ion  of t IIc lilloi~l((lp,(  lMISC collrs])()]](lil]:,  to A, I{, (n
c, col’1’cs])oll(lillpJy.”

CO1ll])lctiO1i  allalyxis took ]mlli:llly  illlt oll)ilt(! t IIis 1 ((]i(nls ]W(W(:SS  of isolat-
j]lg t,]l(:  lNIg lrj constructing  sul)]n  01)1(’ills. ‘1’11( (olll])l(tioll”  allnlysis tools allO\v
tllc (lc’coltl])c)sitioll”  01 ol)(’l:itol-l):is  (:{l” l)liili]](l “ t () col Ist rilct a ])roof”  wit]! as-
suln])t,imis  that  a sJIIall  ]tu]nl)(:r  of goals m sl]l)~,oak  (a]) 1)(’ ]n(ssllltI(Yl  acllimtl)le
(ty])ically  mIly 011(’ m two)c. 1  ly s((:i]lp,  u’llicll  F,O:IIS, i f  :I$S(IIII:II)I(’,  lll;lliC’  tll  C

“1!, tl,e (ol,,l,lt,tir,,,  :I,ldlysis f[ll  I)otll tl}( !c[l(lrli(,]]  I) I: II II ICI all<l tllc <Il>cl?it(l]  -ll?lsc[l  lI1:ITIIIPI
lIICJC [IIC Clloiw  l,oi)l(s ill tllc scalcII  ill olclelilip,  l,l:ilm  ill tlic  s(alcl)  ([uc~ie III I)otl! [aws, W,c
usc sfalIcltiT<l ]1(, ulislics  I,as(, (l (III (11(, ]IIIIIIIIt, I 0[ olllsl;,liclillp,  p,[,:(l. :IIICI ]) I; III dc]i\,<!tiol, stc]m
so far. 1 l[)\v C’vc’! , 111( static al]alysis i((ll])i(ll]ts  \vo[Il(l \vc IIli \Yitl I tIIIy al,l~lol,litltc  IIculis(ic  fc,l
this sc;i]cll  (Il{)icc,

Grj!]lc  ,lll)ll\)Cl  of po;Ils a+\ II II;tl Ilr is kc],l Slll:i I I  IICC;III.C  all[,,vi,lp, tlIc I,l:IIIIICr to :ISSUIII,
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l)roldc]I) solwtblc,  tlIc  Ilsm p,ail)s  valu:il)lc il)folll):it  iol) almut  wll(w  t lIC l)ug Ii(’s
ill (11(! lill  OWIC(lg(!  1):1S(’. I(IOI CX:IIII])I(I, if a ])IOIJIOIII  mlsists  of :Ioals A,  11, al](l
C ,  ml(l  tll(’ ])rol)lmtl  I)mm]lcs solval)l(,  if 11 i s  assulll(’d  aclli(wiil)l(,  tl)c I)ug i s
likely t o  1)(’ ill t]]{’ ])orliml o f  (11(’ lill(l\\’1(’(1~,(’  11:1s(’  r(latitlp, to tl](’ acllicvclll(vlt
o f  11. Altcrllativc]y,  if tl)c ])rol)l(~It  I is sol\riil)l(~  }VII(SII  (’itl)(q 11 01 C is aSSUIIId

aclliwal)lc, t IIcll tfle 1)11:,  lilwly  Ii(’s ill tli(: illt (Sl:(c( iol) of tll(’ ()]mrators acllicvi  lip,
11 and C. ‘J’l)c coltl])ldioll”  :il)alysis tool” is usul I)y  rullllillg tl]c IIlo(lifiul l)lallllu

alp, oritllln ul)til eitlm.: 1. :1 1 (’s0111”(’(”  l)mlll(l of tll(’ 11111111 )( ’1” of ]Lllls  [’x] )all(k’(1

i s  Iracll(d;  or 2 .  tl)(w arc ]10 ltlol(! ])]al]s  t o  m])a]](l.  ‘I’l Ie cmll])lciioll  analysis
algoritllln  for tl]c  dllclio]l  ])lilllll  (’1 i s  slIowll  1)(  ’10\v ill 11’ip,(ll  (’ G

(;oll)l,lctioll I{ccl Llc(iO1,l’  lztl]ll(t  (ilil,ut, o]matiolialj 1 ulcs)

itlitializc Q  =  (f+mls=  itll)llt, colls(t:lillis , a+utlll)tiolls~  O)

I F  1’CSOLIIC(  I)olllld  ICtlllll SO1,lI’J’IONS”
1)1 Slt Scl[,ct  a ldall 1’ fcolll Q

for eacl, ],]:11, 1 “  1,1OCIIICIK1  I)y tcclll(i)!g  1 ’ IIsillp,  a ttisl< 1(, (1(1[ tie]]  1 Lilt

11(’ the colls{taillts ill 1“ al( co]lsis((lll
111’  1“ contains o]Ily c)l~c)ali(,ll ~,[);,ls/;\(li \,i(i(s

‘I’ll II;N a(l(l 1“ to SO1, II’1’IONS”
I,; I,SI; acl(l I“ tcI (j aIIcl ((,])(i])ll(

ltl JS1’; discatd  I“
for cacl)  ],I:ITI 1“ l,JOCIIIC([I IIy ],t(sulliillp,  tl)[ c(l]tc])l  F,(,:LI :(cllic\,((l/  c)])cl:\tic,llztl
11”  1“ co]ltai]ls  olIly o])ctatio]l  :,( I;tls/:1(  (i\,ili(s

‘1’IIII;N a[ld 1“ to SOI, IJ’I’IONS”
lI}l,SII;  itlccc]iic]ll  N, I,i,l)c]  ()(  Ass~, t,,l>tic)]is(l”)

11’ N~ltjll~c]o  fAss[lllllliic )l(s(l”)  < lJoIiIi(l
‘J’III;N ad(l  1“ 1(J  Q

l’i~(l~( G: Colll])l(t,ioll”  Al)alysis for l{c(lll(tiol)  1{111(+

III tll(: ()])(lLitol-l):ls  (’(1 ])lall]]cr, Coltl])l(tioll”  analysis  i s  ])(II ltiitt(d  l)y a(l(lil)g
aIIotlIw gml aclliwoll(’llt II I(~tlI()(l wllicll (Y) II(IS1)OII(IS  1 0  assulllillg  t])at tllc KO:II

i s  ln:igidly aclli(w(d. ‘J’lle  colt) ])l(:tioll”  analysis  ()])(rat()r  ])lalll)(~]  i s  tll(v)  IUII
until citjllm  1. a mmurcc 1)01111(1 of tlI( IIIIIII1)(V  of I)l:IIIS (IxI)aIId(d is IeaclI(d;

m 2 .  tllcrc arc I]o ]t)m’ l)I:IIIs to (’xI)al I(l. All  solutio]ls”  fouli(]  Iir(I  tllml  rq)ork(l
l)ack to tllc user to assisi  ill fo((tsillp,  011  ])ossil)l(  a]cas  of tl)c  dolllaill tll(’my fm
rcfill(’ll)(!llt. ‘JIIIC l)asic colll])lctioll  analysis  alr,oritlll]i for tll(’  ()])crat()r ])la]lllcr  is
SIIOWII Imlow  ill 1<’igurc  7 . ‘J’lI(J * 011  St(q) 4  il)(licatcs  tllc ])lillci])al  II)mlificatioll
tO t,llC  St,:ill(l[ild ()]) CI’:lt{)l’-l):\ s(’(l ])lallllil)p,  al~,oritl)lll  IIlil(l(’ to ])(’1’fol’111  ()])(’l’:tt()l’-
l)asd  coln])lctiml  analysis.  ‘1’IIC IIlaill  dla\\lmck  of tllc coltl])lctioll  analysis  1001s
is tn. at tllcy  (Iraltlatic:llly  ill(:rcasc  tlic si~r of tllc scarcll SI):LC(L.  ‘J’]lus, wi th  tll(}
colll])l(:timl al)a]ysis tools) w(’ ])mvi(lc  tlI(I llsm wit]) 11)(’ ()])ti()ll  of restricting tllc

g,oals  dlatll:itically  illcic:isrs  111( sciil(l,  sj,a(t f,,] l~[,ssil,lc  l,l:ills. It c~lcc(ivc,ly  ad(l+  1 1[, 111(
I)lallcl[it]g  fac(ol  of cvcIy  P,(I:II  acllicvct[l(lli  II(ICIC ill tl]c W< IICII  SI):ICI i’oI tlIc l)liItI



(;(,lll])lvt,i(,l,  ()],cI;ltc)ll  'l:lllljcl( i]1])ll(, illitia-s(alt, 01)[]:[1(,]s)

illitialiw Q  = (:,0?11s=  il)l}ut,  co]ls(tdillls , assllllll~tiolls=  ())

1 F I’CSO1l  1 cc I )011  11(1 mic(dc(l
‘J’l III;N ](ti]l],  SOI,U’J’JONS
I} IJSI’: SC’IW1 a ])lall  1’ ff(llll Q

fot cac]i  ]>1:111 1 ”  1)1 odIIccd I)y a(llic~,itlp,  iI ~,o;I 1  Iisitlp, (fit follc)\vili~, lIIctl L(Icls:

1, usr cxis(illg  o]wrdto) ill  t  II(,  ])liIII  to :I(llicvc  tl)(  ~c)al
2. aclc] :i IICW o])claloI  10 tlI( ])laII  10 acllicvc  tlIc  ~,cml
3, usc t,l Ir i])i(ia] s t a t e  to acl]icv(  tllr  goal
4 . *  i f  tlir IIUI(IIW1  of goals alI  c:(dy awu  IIml  ill  1 ‘ is Icss tlI:III tlIc  l)(IIIIId

as.s Ill IIc tlIc  p,oal tI Ilc I],sirl:,  co]tl])lc,tiol]  <I]lalysis;
tlIc  +/ o f  ass{lll!])tiol)s  ill tlIc  IIc\\, l)li\lI  is  l-l #/ it)  1 ’ ;
]csolvc  conflicts i])  1“ (])l(}t((ti(n,s);

11”  1“ l121s ]m  lilIlmolvcd  cmlflicls  an(l  }Ias  110  Il]la(}lirvwl  F,oals
‘J’JIII;N add 1“ to SOI,lJ’J’10NS”
ltI)S1’; add 1)’ to Q aIId co])tilnlc

l’ig(llc 7 :  Coll)])l(’tiol)  Alla]ysis it)] ()])(v:(t()r  l’laIIIICI

●  a l l o w  oIIly goals a])])cari]l~,  ilI a s])rcific  o])crat 01s  ])wo]]dit  iol]s  to l)c as-
Sullml;

c oIIly  allow  cc]hiill  ])rc(licat  w t (] 1 ~(~ aSSIIIII(Y1.

‘1’1](]s far, \Y(I  l)av(! foull(l  t])(w)  r(vitl i(tioll  IIICt IIwls to 1)(, fairly (Jfl’c(tivc  ill fo((ls-
illg  tl)(:  s(xidl.  NTok  tl]?it  all(nvillp,  c(ltaill  ~,():Ils  to I)(I ]) I(ISUIII(K1 tr~l(  cmrcsl)ollds
to (ditillf,  11](, ])rol)lmt]  (1( ’fil)itiol)  ( o r  (lt)lll:lill  tll(oly)  lil]ltl(w)lls tilltcs  and r(:-
rulll)ill~  I,llc  ])lallllu.  l“or  malII])l(I, ullowil)g  a sili~,lc  to])-level p,oal to l)r assu]]td
Iruc for a ])ml)l(’]1)  \\’itl) N p,oals co]] cs])OI](ls  to cditillp,  tllc  ])lol)lcll)  dcfillitiol]  II
tilncs,  cac]) tilnc  mllovi]l~  ()]IC of il)v to]) -lc\7{Il  p,();Ils  alId  rc-lulll]i]lp, tl]c ])lal  IIIcr

cacl I tiltlc. Allo\villg  a ])mx)ll(litioll  of a]] ()]wrat()r  to I)( slls])(])dcd  (orl(!s])cn](ls
to rulll)il)g ili( ])lallllcr  01] tl]c  o]ip,ill:]l  ])101)1  (III ]I)lllti])lc ti]llcs,  cacl I tilllc  with
a  do])lai]l  tlIcoIy t)l Jat lIas OIIC of tl]c o])r]iIt (n ])1 wo]l(lit  ions rc])lmwl.  Mal Iually
]ufmltli]lg  tl]is t,cstillp,  (0 isdatc  al, clrol  (Illickly  p,io\vs  tir(soll)c.  11’llltl](’llt)ol(’,
i f  l]ll]lti])lc  p,oa]s  arc allmd  10  lJc sllsl)eII(l(’(1, 111(,  IIIIIII1)(LI  o f  ulits aIId Iul Is

glows collll) ill;ltoli:llly.” ‘1’11(s  (wlli])lrtiol) :lllill~Si S tools  alc dcsigl)d  10 allwiatc
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this Wiioms 1)1 occss aIId  t o allmv  t l)c Ils(l to fomls  (m rqmirillp, 111(1  (Iolllaill tllc-
OI,Y. As a si(lc dlcct,  rullllillp,  (11(1 ])laIIII(T (mly  OII(V  is also colll])~lt:ltioll:llly”  III(W
cflici(’]lt tlIall  Iulll)illp,  111(’  ])lalIII(’1  l)l~llti])l(,  tilll(’s.  ‘J’llis i s  I)ccalvw  tlIc ])lilllll[’1”
11(!(’(1  CX])lol’(”  ]mrticnls  Of tllf  ’ S(’:il’(’11 S]):\{ ’(’ 11111’(’liltf’(1  to tll(’  S(1S])(’11(1(’(1  c(nlditimls
fcwrcv  tiltl(s.

‘I’l Ius, tl]c  colll])l(,liol) :lllill~SiS I(,(lll)i(]u(vi  arc p,(’ll(ra]ly  Ilsc(l ill tll(’  follmvill~,
]IlaILII(:r.  M\~l’ autolllatic:llly  IORS  alIy  ]) Iol)l(lIIs ulIsol\+il)l(”  I)y tllc  task mlllclioll
])lallll(’r  (11111  ”(’(lllcill)l(’)  01”  ()])(’l”:lt()l”-l  );ls(’(1  ]Ilallllcl ( 1 1 ( 1  ]Llll  f(mlld). ‘J’11(’ Uscl’
t,llcll  S]mcilics  tllatl  011(1  o f  tlI( to]) -l(w(,l  p,oi~ls  IIIay 1)(’  Sus]ml(lc(l  ( a l l y  011(’ o f

11)(’ to])  -l(w(:l  goals  i s  a vali(l  (’:lll(li(lilt(’  - tlI(’ ]) I: II III(T t r i e s  (’:icl I ill tlllll. ‘1’11(’
c(nt)]~lctim)  ])lallll(v tllcll  Iill(ls  a ])lal I Ivllicl)  solves all l)ut oII(’ of tlIc  to])-level
goals - foc(millg  tlI(: u s e r  mI tlI(’ 10]) -1( ’1’(’1 p,oiil \vllicll i s  llllilClli(’\’tll  )l(’. ‘1’11(’  11s(’1’

tlI(III (I(tcntlillrs  Ivl)icl)  o])crator  0 1  tlI:Lt  slI(NIl(l  1)(’ aclli(willp,  Illc ~)(ml,  aII(l
s]wcifi($  tll:lt tl)c  colnl)l(tiol)”  ])lilllll(’1”  llIay c(nlsi(l(v.  slu+])(,l)(lill:,  1)1(’cc)ll(liti[))is  of
0 1 .  ‘1’llc  c(n~l]htiml  analysis  ]Ilal III(’1 rlllls al)(l  detw]tli]lcs }vllicll ])1(’coll(litioll”
1’1 of  01  i s  ])r(nwlltil]g  a])])licat ion of this olwratt)l N(xI, tllc  US(V”  (1(’tcll)lil](,s
wllicll  o]mator  0 2  slIoIIl(l  lw a(’llicvi]lp,  this ])rdc(nl(litio]]  1 ’ 1  o f  01, alId {lte
])roccss  cmltillu(’s rcmlwiv(ly  until tllc  fla\\’(,(1  ol)(ralor  is fotllld. lb] cxaIII]Jl(I, it
lIlay  lJc’ t]lat a lmotwtio]) Calll]otl l)r cllfolcc(l,  tlllls ])mwltillg  ii ]mcol]ditio]l 1’1
fmltl lwillp,  acllic!v(xl.  111  t h i s  (:(s(, su])])os(  dllotll(r  o])cliitol 02 sII(NII(l  I)c al)l(
to :tdlicve  1’1. IIut s(lsl)cl](lil)p,  i t s  ])r(’cmidit  iol)s (l(m ]Iot :ill(mr  tltc  ])]ol)lc]tl to
lm solv(!d.  ‘J’llis )Ilip,llt  IIil)t  to tllc I< II(wI(’(1:,(  (ll~illccl tl)at tl)c  ])10111(:111  is ill tllc
]nmkcti(nl  of 1‘1 fr(nll  02 to 01. Alt(ltl:lt  iv(!]y, it ]J)ay  I)(’ t list ]]() (qwrat  (n lias
it]) (! flk’CtJ lllflt (“all  acl]i(wc  1‘ (1)( ’1 ’11:11)S  t II(’ lillo\$rl(’Cl$\C  (vlp,it)(w  fol’p,ot” tO ddillc
tlll(!  Cfkt 01’ O])(!l’atol’).  01” tll:~t  tllC (! fl(!(’t llilS  21  (Iiflcrult  1111]  111)(’] Of al”g(llllClltS,

01’ al’gulll[’llt,s  ill a (liflur]l( 01’(1(’1”, 01 ill’~,lllll  ClltS of a difl’(vm]t  tyl)(,.  ‘J’11(’s(’ ty])es
o f  l)u,gs  CaII  lw eas i ly  (lctcck(l  ()]lc(’ (1](’ l)UR  IIns lw(vl  isolatwl  to tllc ]mrticulal
o~mator.  A]lotll(!l  ])ossil)ility i s  tll;it a  collditi(nlal  (flkxt  tll:it SII(NICI  I)(I used
h a s  tllc wr(nlg  cml(litimlal  ]Jl((ol)(litiolls.” Ap,aitl,  o])(() tll(: l)IIF,  ]Ias IW(VI  tra(d
to a ]mrticlll:ir  O]wlatol,  111($  (1(’l)tlp,p,illf,  ])ro(($s  is gwat]y  Siltl])lificd.

11) (wd(v  k) furtll(!r (Ix])laill  II(N tll(’ (())ll])l(!(i()ll  analysis  tools  am used, wc’
Ilou’ dcsmil)(: a dctailc(l  (’X:IIII])I(’  Of’  IIow 111(, coltl]d(’ti(nl  ;lllill~Si S tools :11’(’ 11  S(’(1.

‘1’lIc  gIa])lI  l)(II(M ill l“ip,uw  8 illuslrat(s  this ])r(mss fmll  all actunl  d(’lm~,gillg
q~isodc wllic]l  0( ’(wl’l(d  ill tll(’ (l(:\’(’lo])  lll(’llt  of a ])oltioll  of tll(’  ]Ililllllillg  lilloWrl-
dgc I )as(’ 7  ,(:]:,t,i]lp,  t,(, :, ~J)(JIJ](,lI~ (,illl(,(]  l(,];itiy(,  ll:l\~ip,ilt  i o n  8. l’1~1(’11  Of tll~’

foll(willg  stq)s ill tl]c (Icl)llp,p,il)p,  ]HOCCSS  is lal)cl(d  1’ if tll( I)l:LIIII(U ]wlfol}ll(d
-.

TpJOtc  tllztt t],js  is (]1 C OI,C.I:,lC,,  l,c,liic>t)  of lIIC kIIC~Ivldp.c II:IW Ic>]atillp,  dilmtls tcI tll[’ ta~l~

]C’cluct  loll ]tllcs Sllowll  1!1 tllc  C’xillll])lc  f[)] S(a(l( 1 Lll(, :illal}w is.
811’or tllc, il}tcrcslcd  Icaclc I , lltL\rip,atioll of ilIc irrldp,c  i+ llIc l,tocc+ of CIftcrlllilli[l:,  tlIc al}-

IIlc)l,riatc tlallsfc)]ll];~tic]l)  l,lai[ix io IIIal,  (:1(11 l)ix{l fro]]] (lIc 2-[lilllcl]siotiz,l  (lillc,  sal IIl)lc) of
tlIc illlagc slmrc to a 3-di141ct[siol[al  (x,y,x)  of SOIII( cool(litlalc  ol,jwl sIJ:Icc (ttsua}i,y lwwd  011
ilic lJlal  Ict ccl Ilcl of tllc talp,c( lIcil IF, i),!ap,(cl).  l{(lal  ivc I[avip,al  iol! c 01 lcs],olIds  to tl, c 1,1(J
ccss wllcll  dctcllllillillp,  tllc al)sollll~  l)ositiol)  (II catlI IIoit)l is clilllcl(lt  10 col II IIutc S(, tlIat tlic
}Iroccss foc~lscs  01) dclcllllillillp,  tllc cotIt( 1 l>ohitiot)s”  of caclI  l)oitlt  Ivlatiw  tt) otlIcl I,clitlis  ill
rclaicd  il!ja~cs.
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] )I(:t?ioll  al):+ ’,+ 1,001 ])(’l”fol’lns  t] lc Sk] ).
1. (1’) ‘1’11(’  ]11:11111(’1  is Ul!alll(  to S[)lv( tllc  O]ip,illal  ]II(lIIICIII.
2. (11) ‘J’l  Ic IISCI  i)litiatcs  tllc dcl,u:,p,illp, IUO(CSS  1)s illvc]l:illp,  tl)r  (II~CIE IiCII-l,:I\CCl  co][ll~lclioll

analysis tool sl)ccifyillp, that ojic tol,  -lcvc] p,{ I;Il lII:Iy  l~c sL1.<)~(lI(lfd
3. ((;) ‘I’l Ic col,ll)lctio]l  lIlalIIIcl  cc~llstl~l(ts a 111:111  aclii(\,ilip,  atl of’tl)v  p,odls l~ut llIC to),  level

goal of (col II1)utc-ol  II- II!attix  ‘!oll)-ltldtlix  ‘? filf-lis[  ‘? filc-lisl).
4, ((1)  ‘I’l Ic IISCI tlICII dctc]ltli]!cs  that tll( ohl(~ol{?”  (I IICIat CII slIoIIld  l17iI,(  IIQCII alIlc  to

adiicvc  tlIc p,ml (cc)l[l  l,{ttc- c,lll-lllitilix  ?o~tl-tllatrix  ‘?[ll{,  -lisl ~jfil(,-lisi).  ‘J’l Ic 11.scl t}lctl co)]tillucs
tl)c (Icl,ugp,i!, p, ]Iroccss lIy i,)lrokitip, tllc co,lll)lcliol!  al(z,lysis tool sl,ccilyil]p,  tlIat a IJlccollclitioll
o f  tllc Oiu(:ol{? o])clat[l[  ]Ilay 11[ Susl)(’lldcd.

5. ((!)  111  ICSJ1[)lIS(  to lIIC IIscr I(qumt, t]], collll)lclic,ll  III: II II ICI Iill(ls  a I,latI acllicvi)lp,  all
goa l s  cxcc),t tllc C) MCOI{2  l)rcco)!(litioll  ({icl,oil[t.[,lc ‘ft], ‘!filc list I])alllrit,t[ll).

6. (n) ‘1’lIc usct tllcll dctctl!lillcs  tll:{t tllc l~lu{,licliti{,ll  ( l i c l , o i l l t - f i l e ?t]) ‘? file]ist llIa II-

II Iatcl I) slIould  l~c, acllimd 1)s tllc MA NI?f A’1’(tll  ol, ct at or, :IIId illv(,l<cs tlIc o),rr:ttor  coll!l,lctioxl
ajl:ily~is {001 allow,illg  stls]~cti.sioll of OIIC of tlIc ]Jlccojiclitiolis of tl(r  hlANh4A’I’CJll  olwr atot.

7 .  ((~)  ‘J’lIc Coli)l,lctioll  l)lalIIIcI tlICII  fiII[ls  a IIldII acl]ic,i,lp, a II p,onls I)(I( tlic I,lccollditiol)
(tcfi,lccl-c>vc]l:  tl,-l,:tits ?ICI])- file ?filc-li.t)  of tliu ol,clitt(,,  ill ANhJIA’1’(!ll.

8. (11) ‘J’JIc 11.srl tllc]] dctctljlitlcs  tlIdl tllc ]Itccol!(liliol]  (rcfillccl-  rlI,t,l l?t])-])z,  ils ‘?lo],-file ?file-
list)  slIo[Ild lIavc IICCII acl!icl(cl  l~y tllc I’JI)II!l  S OIICIcIloI aIICl  illvol<(s  tllc olI(latol  collll~lctioll
all:tlysis tool  allowillp, susl,cllsiolj of <III  I; I )llil  S IJt(coll(lit i(,tl.

9, (Cl) ‘Jl,c colji~,lctiol) ])lzi,,,,cl fIIIcl. a ]lii,, a{llivillp, all p,cals I,,lt tlI( ]J)wol)diiiol)
(cI IIdeok,(tl;i],  ],:,i) ‘!co]~filc  ‘! fil[-lis~  ) of I’ll)]  liJS.

10 .  (\l)  ‘1’llc Uscl tllcll dctcll,lillcs  tlIal this. ]Il<((,l!(litic)tl  (cl~l(lc-c)i,cl  l:il,-],;,  il ? ( c I IJ - f i l e
?fllc. ]ist)  S]lollld  IIavc  I,ccli  acllicvc{l  I,y tllc Nlo S} ’17[)rl’-([)llst  l[l{l-c IL I[lc-II;  I~J-f I 1{, . ‘1’llis r,,s(llts
ill at)o!l}ct  iII\Joca!;o II o f  Il)c collll>lctio)l :Illalysis tcIIIl :Lllo!villp, sus)wtlsio]l o f  a  l)lcr(,ll(litiol[
fol ~~OS]’], ()’J’-CClll  R(]’LlCt-C)  UdC-ll:lWfilC

11. ((~) ‘J’lic  co]l)l)lc,tioll analysis t(ICIl tlICII fiIIcl< :1 1)12111 :I[l]icvi,lg  a II ~,oals I)tlt tllr  ])lcc[lll-
ditioll  (l:itloll  ?]llf  ?lat ?lol I) fo] tllc olIcliIl(Il  hfOS1’ljo’J’-((Illstl”  Ll(t-cl(lcl[,-ll:tv-fil(,.

1 2 .  ((1)  At this 1)0111{, tllc (ISCI )Ic]ticcs that tl)c ((IIIS(I  Ilctcd  1)1:111  fol arllici,illg  tllc p,oals
IIas a. SIIIIICd  tl!c illstal)tiatcd  P,O:II (Iiitloli  &,lili(l(llwlilc  ‘/1:,1 ‘!1oII), ‘J’l, i. it[lt[,cdi:,tcly  il](licatcs
tlnc CIIOI  to tlIc user l)w:tuso tile uscl is cxljc[tillp,  a f i le 11:,1111  :!s  tll( Sm(llld  arp,ut[lc’]lt of- tllc
latlo~! I)lcdic:ttc  “.

cmllrolli)lp,  tllc IISC  of (lICS(’ (’0111  ])1(’{ ion t ()()1S  t h i l l  :lllo\\’S fol” 11101’(”  p,lol ):11 S(’;11”(’11. .
or a l l o w s  for 1(ss uscl illt(,l:l(tiol].  ll(nv(\KIr,  ill tl](ir CII]ICII(  fmll[,  tlI(I  CO IIi IIIC-
iiml a]lalysis  tools  l]avc ])mvc(l qllitc  lls(f~ll  ill (1(’l)llgp,illp,  t llc MV1’ la(li(ntlrt,ric

4 . 1  lnl])ad o f  1  )c!hlggin~

111  01’(1(!1’  10  qllnlltify tll(!  Us(’f(llll(’ss  Of tll($  (ol)l])l(ii(nl  :lllill~SiS  t(K)lS,  N’C COllCCtd
data  frmn  a 1 W(TI{  ]d)asc of (lo]llilill  tlI(’ol y (Ic’1’(’lol)ltl(’llt  fol” tllc ](’lativc  llavi-



~.- 1 ,--- , ,

~1,,/1,,,,  / \ y

‘Jhl)lc, 2: II)lll])iri(:il  l]ti])a(t  (d’ (k)lil])l(tioll  Analysis  ‘J bols

L---  I

set ‘1’<><>1. A\< I<\p, c ‘1’<), >1. A\wI:tP,< OL,VI:) II AVCI ;,P,<
Al,l,licalllc ‘I’ir,, < hl,,l A],l>lic;(l)l( ‘1’irb)r

‘1OOI 7/) 1 1(1 II)itl. 4/11 41 IIbili. 21 Ilniln,
No ‘1’c><>I __ (i/n 4:+ lntit). L/J I 4( I Tl, ii,. 42 Iltilt.

Ratio]) ImILimI  of tlIc (lo]ll:iil) tlIm y. 1  )(llillp, tl)is wcIcl{,  w(’ idc]ltificd 2 2  issuc,s.
rais(’(1  lry a (I(ui)ail]  (x])(’1(  al Ialys( wlli(ll al filst  RIICSS a])]w:lrc(l to lw ]Jriltl:irily
ill 111(: (Iccolll])ositiol)  ]IIl(Is  or o])crat(ns. }“01”  11 Of tllcs(’ 22 ])1’ol)kllls  (S(kkl
Iall(lmtlly)  W’ u s e d  tjllc  (l(:l)up,p,il]p,  tools” ill r(iil[i]lp,  tlIc (lo])laill  tlI(wly. 1( ’01 tll(’
ot]](v 11 ])rol)lmtls  \\Ic did 1)01  11s(’  tlI(I (1(’l)llp,p,il)p,  t(mls. LVll(’11  tools  w(w  all(nwl,
WC (’stilnat(~(l  tllilt t 11(’  tools” \v(’1 c’ :Il)])li(tll]lc  ill 7 011( Of tllc  11 ])1”01)1(’IIIS.  ‘1’11(’s(’
7  ]mol)l(I]tIs  u’(]( solvc(l  ill [Ill avcrap,(  o f  1 ( )  ltlillllt(:s (:1(1].  ‘1’l)c dlI(v  4  took
01) :lv(!l’~g(’  41 IIlillut(w. ‘J’11(’  tolill 11 ])1’01)1(’]IIS }i’11(’t’(’ t 11(’  tOOIS \v[$l’C’ 11 S(’(1 tOOl{
OII  a17(’Iagc  ’ 2 1  II)illutcs cac]l +0 cm]cct.  II) t llc 11 ])rol)l(’l]ls  solve(l  writ  l]out usc
of  tllc tools,  after  fixing all 11 ])roldcltis, \vc’  (’stilll:itd  that  ill 6 (ml of tl]c  1 1
Inwl)lmns  t,llnt  tllc (Icl)up,gillp,  tools  \\wlll(l  II:lWI  l]cl]ml.  ‘1’11(’s(’ (i ])lol)l(’lns t o o k
()]) average 43 IIlillutcs  cacl) 10  so]v(’.  ‘1’1)(,  I (’l)laillillg  5 ])rol)l(!lIIs  took 011  av(’1  age
40 ]Ilillutcs  to SOIVC ‘J’11(’  SPC()]I(l  s(1 of 11 ]}]ol)l(]t]S  tool<” 011 <I\(II :Ig(’ 42 IIlillutcs

()]1(1 ar(~a for fut~lw w(wk  is (l(\’(lol)lll(llt  of (x])lallnti(~li  facilities to allow tllc
user to il)tros])(’ct il]to tl)(, ])lallllill~,  ]) MK(LSS. StI(lI a ca]ml)ility  Mwuld  allow’  tl]c

“lVII}J  lV:IS  il)is ()]w]at()r a(l(lo(l  10  II](I ])l;u I’?” aII(lUS(II t,o ask SIICII questions  as
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“  W]]y is tl]is (q)(:rat,(w  ordcr(d  all (r 1 his 01 Wrdt(n?’) ,  lj’l)icl)  Cal)  11(,  allslirclc(l
casi]y fro]]) tl]c  ])la It dc])cII(lrIIcy  slIII(tu Ic. IL40]C (lifli(wll (I)ut,  a l s o  VCl~T  US(:-
ful) q u e s t i o n s  am  o f  llIr for]t) .“\J7}Iy  \\r:\s]l’t  ()])(l:ltc)]  0 2  11s({1  to acllicvc  Il)is
goal’<’)  m “JVhy wasn’t  t,liis  ])lol)lr]tl  cl:lssifi((l  as  ]JIoI)I(]JI c l a s s  l ’ ? ’). WC ale
cllrmlJlly  il)vcstigatil)g  wsillg  col)l])lcti(nl  :Illalysis tools  t o  al Is\vcl  tl]is  ty]m of
qucstiml. ‘1’lic  co]]) ])lctim] analys is  tcclllli(]ll(s  a]c lclatd to tltcoly l(:fill(v]lmlt
t(d]ltiqucs  fro])]  IIlacl]illc  1(’arllillg  [1 5, 1 ()]. ll(nv(,vc],  tllcsc!  tccl]lliqu(+i  ]w(’su]ll(!
lliultil)le  C’Xilllll)l(!S o v e r  wllicll  to ill(lucc  crl(ws, A(lditi(nlally,  r(molliltg  al)(mt,
])lallllillg  o])mat,ors requires rcas(n~iltp,  al.)out 11](, s])ccializc(]  ])lalll)ill~ l(tlowldgc
lc]jlescllitlt,iolls  aII(l  (wl]straillt,s.  ‘1’llis  ]):i]w] IJas (l(wcril)(d  tww class(w of 1<1  I(mTl-
dgc lmsc (Imwlo])llimit  tools.  Statjic  alla]ysis tools allow for (’flicicllt (Ietectioll  of
Certain c]asscs  of Ill]adlimwl)lc  g,oals  al](l  call quickly focus IIscr attcllti(nl  01] tile
llll:lcl)ic:\~;ll)l(~  p,mls. Static  alla]ysis t(clll]i(]ll(,s  call  ;Ilso I)(I us(d to verify t])at
(I(nl]aill  (wvcra,qc  is a(’l)i(nd,  (knll])lctioll  illl:ll~SiS tools  allow tll(> US(LI to qllickly
focus oll wllic]]  goals (or sul)p,oalsj  a]c ]~w\wlltillp,  tllc  ]Jla]~llm  fr(nll  acl)i(wi]lg
a  .gOd Sd l)clirvd  acl)icval)lr  I)y tl]c lillol~l(’(l~c  II:(SC (lcv(,]o1)N.  ‘J’]l(js(! too]s”
aw c.u]r(’]]tly  ill usc slid J\’(, liave ])ms(v]t(~(l  (vj]])iri(,;il  Cvi(l(’11(,(’  (Ioclllllcl)til]p,  tl]c
Uscfulllms o f  tllcsc  tools  ill Cc)ltst,lll(t,i)lp,,  ]Il:lil)t,:iillillp,, al](] v(’lifJTill~,  tllc hq~~l’
])lalll]illg lulow](dg(: IIMC.
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